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Preface 



The 2 1 St century began in the midst of a biotechnology revolution. To many scientists 
and biotechnologists, the amount of information concerning new and novel methodolo- 
gies and their impact is overwhelming. The development and application of biotechnol- 
ogy is forging ahead, bringing with it rapid changes in everyday life. Because all living 
organisms depend on molecular activity for survival and reproduction, research on molecu- 
lar biotechnology and the utility of genetically altered cells has acquired a more dominant 
role in multidisciplinary activities. In addition, the biosafety and economic feasibility of 
genetically modified crops, microbes, and animals — often referred to as genetically 
modified organisms (GMOs) — ^have become paramount issues for consumers, farmers, 
and governments, as well as the agriculture, chemical, food, and pharmaceutical indus- 
tries. An intense global debate is focused on ethical issues and the potential benefits and 
risks of genetic engineering technology. 

Although there is general agreement that attention must be focused on educating the 
public on the potential and technical challenges of GMOs, it is equally important to 
recognize the complexities that arise from a heightened public awareness of the safety 
and environmental impacts of biotechnology. If GMO technology is to succeed, all 
concerned parties require a greater understanding of this special research. 

Updating one’s knowledge of GMO biotechnology, the most recent advances, the 
accepted guidelines for commercial application, and the new opportunities GMO 
research offers to the benefit of humankind is a continual challenge. The GMO Hand- 
book introduces and explains the fundamentals of molecular biotechnology as a scien- 
tific discipline, provides an understanding of how current GMO research is conducted, 
discusses the problems that have arisen from genetic technology, explains the tools 
needed to address and resolve conflicts on GMO issues, and provides in-depth discus- 
sions on how GMO-derived technology may impact our lives in the future. 

The GMO Handbook is divided into three sections. In each section, special emphasis 
is placed on explaining the wide range of current technologies and new strategies 
employed from cell biology, molecular biology, and biochemistry in constructing GMOs. 
In addition, large scale expression and production of recombinant products in cultured 
cells is described. Furthermore, the significance of public acceptance of GMOs and the 
economic benefits for the agricultural and pharmaceutical markets is also discussed. 
Finally, the unknown challenges and ethical concerns associated with GMOs are raised. 

In most instances. The GMO Handbook addresses special topics by first reviewing 
the molecular details and then explaining their broader applications. Whereas many 
books on GMOs address registration procedures, regulation policies, environmental 
impacts on the food chain, or biosafety concerns with deliberate release, many fail to 
explain the basic principles, methodologies, and concepts behind the methods of con- 
struction of GMOs. They rarely provide the reader with critical information on the limi- 
tations of the technology, the pitfalls, and the necessary guidelines for commercialization. 
This book intends to fill these gaps. An extensive glossary is provided to help the reader 
understand the terminology employed in GMO biotechnology. 
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Preface 



This book is the culmination of the efforts of many. The chapters were written by 
scientists who have made significant contributions to GMO research and can address some 
of the latest developments in the field. The GMO Handbook presents the work of scientists 
from a broad range of disciplines including botany, entomology, plant pathology, chemical 
engineering, microbiology, virology, genetics, public health, and government policy. 

The GMO Handbook gives a cross section of current accomplishments in GMO 
research and provide insight into its future. The handbook targets a unique range of 
scientists. Young researchers beginning their undergraduate- and graduate-level studies 
will benefit from the ability to see the full range of techniques and applications used to 
culture and analyze animal, microbial, and plant GMOs. The chapters are written so as 
to facilitate their use as a teaching aid. Experienced scientists, biotechnology business 
managers, and manufacturing managers engaged in major GMO technologies are chal- 
lenged to contemplate the potential of these technologies. The hope is that the book will 
illuminate the collaboration among scientists of many differing disciplines that has 
resulted in the invention of state-of-the-art techniques for developing GMOs. 

Each individual chapter presents the opinions and views of its author(s). Although 
every effort has been made by the editor to provide a consistent style, the results pre- 
sented, views expressed, and final content of the chapters remain the sole responsibility 
of the chapter authors. It is our hope that the information presented here will prove to be 
a useful contribution not only to science, but also to the general public interest. 

I wish to express my appreciation to all of the contributing authors. I am especially 
grateful to the members of the international advisory board and Anne Gregg, information 
scientist, at Dow AgroSciences. Anne provided critical help in editing and organizing this 
book. Thanks are also owed to many associate friends for their advice and collaboration, 
as well as to Humana Press and their team members for the opportunity to publish this 
book. 

Finally, with love and affection, I am indebted to my wife, Ranna, and my daughter, 
Puja, for their patience and understanding. 



Sarad R. Parekh 
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1. Introduction 

The rationale for accelerated research in biotechnology has several thrusts; two are 
to understand the living biological system for advancement of science and to find newer 
applications for commercialization. Equally motivating factors include satisfying 
human curiosity about the nature of cell cultures and living things and exploiting the 
opportunities that biotechnology offers to eliminate long-threatening diseases, improve 
crop productivity to maintain an adequate supply of food for humans and animals, and 
generally improve the quality of life ( 1 ). 

Until discovery of the microscope in 1670, the basic studies in biology consisted of 
simple and understandable observations. With technological advancements, research 
in biology has become highly sophisticated and more expensive. As a result, not only 
academic but also government institutions are engaged in the research to the extent that 
consequences of this biological research, and its impact on human life, now require 
scrutiny for justification of the expenditure of tax and investment dollars. With such 
support mounting to billions of dollars annually worldwide, it is no wonder that public 
interest in applied research and biotechnology has been created ( 2 ). 

Although new breakthroughs and advances in biological research continue rapidly, 
the complexity of biotechnology is not clearly understood by the public. The new break- 
throughs and technological advances in the biological sciences that will serve and ben- 
efit humankind in many cases are either ignored or misinterpreted ( 3 ). 

As early as the 1980s, attention was focused on recombinant deoxyribonucleic acid 
(DNA) research, in which specific genes were manipulated in a more elegant way to 
create new entities of living microbes, the so-called genetically modified organisms 
(GMOs). The interest primarily came from scientists who recognized the potential 
opportunities for this technology and its future applications ( 4 ). The benefits and new 
potentials continued to be realized and reviewed at scientific meetings, and the opportu- 
nities associated with the implementation of the technology continued to be discussed in 
scientific journals; the public community, however, in many instances remained unaware 
of the developments and could not begin to contemplate the potential values. Further- 
more, genuine concern for public safety, coupled with the memories of World War II, 
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have caused some work on GMOs to become a subject of controversy, sometimes within 
the scientific community and sometimes throughout nations worldwide (5). 

These issues have been long debated in public places through panel discussions 
involving subject matter experts, reviews in the newspapers, programs on television, 
and, in a few instances, government policy hearings (6). Therefore, it is paramount that 
both the scientific community and those with limited understanding about GMOs ap- 
preciate and interpret correctly the application of GMOs in biotechnology. It is critical 
to communicate clearly and openly with the general public, not only about the benefits 
and the rational for embracing GMO technologies, but also about the basic principles 
of the technology, including its evolution, essential protocols, environmental risks, and 
level of predictability (5). Equally important is the review of biosafety issues — the 
scientific, economic, political, sociological, and public health issues that exist when 
considering risk assessment and management procedures (7). Once a comprehensive 
perspective emerges from open communication, coupled with evidence and experience 
in handling GMOs, it will become simpler for any person to make decisions indepen- 
dently and to harness the potentials of GMOs. 

2. Historical Perspectives and GMO Technology 

To understand GMOs fully, including their impact and the promises they hold, it is 
essential to trace the history of how the technology of manipulating genetic material in 
organisms has evolved and how this past research has laid the foundation of today’s 
biotechnology industries. The utility and practice of using GMOs is not new. Since the 
dawn of civilization, agricultural biotechnology practices have guaranteed food sup- 
ply, sources of income, and quality of life (2), Domestication of plants and animals, 
combined with gradual, long-term changes in their quality and quantity, can be traced 
as far back as 10,000 years ago. A continuous effort to improve plant and animal yields 
has been documented in the early writings of many civilizations in both the Old and 
New Worlds. The documented history of all cradles of civilization has contained 
detailed descriptions of primitive methods to improve plant and animal productivity. 

Later, domestication of plants and animals, followed by food shortages, population 
growth, and industrialization of various nations, coincided most probably with the 
growth of microbiology (8). Thus evolved the classical food fermentation industry, the 
earliest known application of biotechnology, which employed selective microbes for 
culturing and deriving fermented foods. The techniques are well documented for suc- 
cessful beer and wine production and bread making in various archaeological relics of 
the ancient civilizations. Cheese, yogurt, vinegar, soy sauce, and curd are other 
examples of the application of selective microbes used in old biotechnology and com- 
mercial applications (9). 

With time came a gradual improvement in agricultural techniques for the domestica- 
tion of plants and animals, including step-by-step selection of better performing and 
more adaptive genotypes along with intuitive breeding. Mendel’s discovery of genetics 
in the 1860s led to the beginning of applied science and controlled breeding methods 
(8). Breeding, referred to here as old biotechnology, was an efficient tool to make bet- 
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ter hybrids and genotypes of crops and diversified animal stocks. This significantly set 
the pace for establishment of a “green” revolution (9). 

Soon, this old biotechnology practice was propelled by another round of biological 
revolution toward the mid-20th century with the discovery of the structure and func- 
tion of DNA. Thereafter, scientists exploited the capability of changing organisms by 
altering DNA. This altering was done initially by mutagenesis. Using a specific chemi- 
cal agent, scientists could modify the DNA sequence, and by this process of mutation, 
they could induce inheritable change in the structure of DNA (genetic material). The 
organism that inherited the new or modified DNA sequence was called a mutant strain. 
The technique of genetic alteration by recombination, so-called crossing over, was then 
used to create a diverse organism carrying two mutations from two cells, each carrying 
single but completely different DNA sequences (mutations). This dogma was an 
extremely important one and led to the understanding of physiology, metabolism in the 
biological process, and research (8). 

These tools and techniques worked, however, only when the two cell variants were 
of similar species. Because the biological system as it exists in nature is very complex, 
with thousands of gene variations, numerous genetic alterations by mutations and 
recombination events are required to result in the formation of a new organism that 
then can be used to yield valuable information in simple experiments. Such experi- 
ments provided insight into the role of the newly formed inheritable DNA and thus 
assisted in the characterization of the mutant organism. 

The formation of mutant organisms provided the foundations for studying genetic 
regulation as done by Jacob and Monod in their studies of the regulation of lactose 
metabolism in Escherichia coli (8). They created several thousand variants of the par- 
ent population by mutations and new combinations of the DNA sequence. By studying 
the properties of such variant strains in detail, they were able to dissect the information. 
In this way, Jacob and Monod uncovered many mysteries and principles that govern 
gene expression. Their research was rewarded with a shared Nobel Prize (5). Their 
techniques laid the foundations for construction of variant bacterial strains adopted by 
thousands of laboratories across the world and became the standard procedure to create 
new varieties of constructed E. coli strains having limitless combination of properties 
already present in the wild E. coli (4). 

In the early 1960s, application of similar technology for modified strain construc- 
tion was performed in recombining DNA of two distinct species of bacteria, E. coli and 
Serratia marcescens. Extension of this work resulted in the construction of hybrid spe- 
cies carrying mixtures of genes, and thus hybrid bacterial strains with mixed properties 
from each parent strain were derived. 

Although some advances were made in inducing genetic exchanges with diverse 
species, the major impact of the power of genetic modification no doubt was realized in 
the mid-1970s with the discovery of restriction and ligation enzymes. These enzymes 
could break isolated DNA molecules into fragments that could be reassembled in any 
desired sequence. This method provided a quantum leap in molecular techniques and 
made possible the ability of any isolated DNA molecule to be spliced together in large 
blocks of genes, either from the same or different organism (9). Shortly thereafter. 
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experiments by Stanley and Cohen (8) used these techniques to transfer genes from one 
organism to another (i.e., from E. coli to frog). 

This work paved the way for the next wave in biotechnology, the demonstration that 
modified genes can be manipulated and inserted from bacteria into plant and animal 
cells. This breakthrough in producing recombinant DNA molecules gave birth to 
genetic engineering or “cloning,” and it opened up the new science of engineering 
genes and creating GMOs and new transgenic living cells. These tools greatly increased 
the ability of the molecular biotechnologist to intervene in the hereditary process of 
plants, animals, and microbes. Some individuals saw this breakthrough as an increase 
in both qualitative and quantitative changes in natural selection and life processes, 
affecting not only the amount of intervening processes, but also the kind of effects that 
can be produced (9). Regardless of the date, at the dawn of GMO biotechnology, the 
utility and application of GMOs opened unimaginable possibilities and resulted in the 
establishment of the “new biotechnology” industry (10). 

The commercial development and practice of GMOs became routine in research 
laboratories, in which scientists initially used the techniques to study the structure, 
function, and organization of genetic material. As technologies advanced, it became 
possible to investigate and probe precise questions on the physiological system and 
interaction and network of biochemical pathways (11). Eventually, with the introduc- 
tion of computer models and bioinformatics tools, more powerful and precise methods 
resulted for the construction of GMOs with newer applications for various industries 
(12). The roots of these new applications in industry ultimately found their way into 
practices of cell culture fermentation, agriculture, and human husbandry (13). To this 
age, the old practice of biotechnology adds not only the application of recombinant 
DNA technology and cell culture, but also a host of applications using the diversity of 
living organisms to make commercial products and therapeutics (Table 1). These GMO- 
based technologies raise promises to reshape the future of humankind by revolutioniz- 
ing the agrochemical and biopharmaceutical industries and medical diagnosis and 
treatment ( 1 4-1 6 ) . 

3. Why Use GMOs? 

The main drivers for accepting and integrating GMOs include the economics and 
novelty of products and services this technology offers and its ability to help meet the 
demand of food supply and quality of life of the world’s increasing population (17). For 
example, conventional agricultural practice and animal farming suffer from serious limi- 
tations in facing new changes in international markets (7). Also, the advancements in 
computer information and communication technology have simplified and globalized 
world markets. Local pricing policies, political pressure, and profitability are no longer 
effective, especially in keeping pace with the world’s population demands and the inter- 
national trade volume for novel agricultural products (18-20). 

Furthermore, the agricultural and food-based industries (beef, poultry, fruit, and 
vegetables) that depend on natural resources are facing new conditions of reduced land 
and water availability. The rapid industrial revolution coupled with changes in global 
climatic conditions have caused water and air quality to deteriorate from pollution and 
soil erosion. 
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Table 1 

Approximate Time-Scale for Successful Introduction 
of Commercial Products (GMOs) From Expressed 
Transgene Event (Protein) 



Transgenic animals (farm animals) 


2-3 years 


Transgenic crops (tobacco and com) 


0.5-1 years 


Transgenic mammalian cell culture 


6 months 


Insect cells culture 


1-2 months 


Fungi (Aspergillus yeast) 


2 weeks 


Bacteria {E. coli) 


1 weeks 



These changes have an impact not only on developed countries, but also on those 
areas where rapid industrialization and urbanization cause severe competition for land 
( 19). Regions that were employed once for agriculture are turning into real estate tar- 
gets for modernization. 

Hence, with the steady increase in world population, the needs of the hungry cannot 
be met or sustained with today’s limited food supply and primitive animal and crop 
farming practices and therapeutics (20). Therefore, needs are critical and urgent to 
accelerate technologies that will not only meet the supply of food and marketable prod- 
ucts at competitive pricing, but also provide better health care. In addition, evidence of 
medical breakthroughs from the human genome projects exists, and the development 
of novel biotechnology products is becoming cost competitive (21). All these factors 
compel the adoption and application of new biotechnology, including recombinant 
DNA practices and products derived from GMOs (Table 2). 

4. New Opportunities With GMOs 

GMOs as discussed in this book refer to the use of recombinant DNA and the bio- 
logical techniques that use living organisms, cells, or parts of cells to make modified 
products or improved biological capabilities of microbes, plants, or animals for spe- 
cific purposes (22,23). The three major areas in which GMOs are currently being uti- 
lized in biotechnology are as (1) tools in classical breeding; (2) a means of generating 
transgenic plants, animals, and other microbes; and (3) a means of integrating GMOs 
into various agricultural, pharmaceutical, or industrial production systems (Table 2). 

The agricultural potential of classical breeding has not been fully exploited to im- 
prove plant and animal productivity or to modify food production. In fact, classical 
techniques of plant and animal cell line advancement now rely on the use of newly 
developed recombinant DNA biotechnology tools to detect precise genotypes and to 
select specialty crops. Newly developed recombinant DNA technologies now are used 
to develop transgenics. These tools include (1) microscopic visualization of chromo- 
somes in tissue culture; (2) staining by fluorescent in situ hybridization (FISH) for 
fluorescent labeling of markers in cells; (3) restriction fragment length polymorphism 
(RFLP); (4) development of simple sequence repeat (SSR); and (5) markers for trait 
development in plant cells. All of these new tools are an integral part of classical breed- 
ing and the selection approach for accelerating selective trait development. 
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5. GMO Applications 

GMOs have diversified applications, multitechnology approaches, and a plethora of 
products. Some of these are briefly mentioned here. 

The pharmaceutical industry felt the earliest effects of GMO technology. Products 
difficult to isolate or produce, such as growth hormones (7,12,20), insulin, and others 
effecting human health, could now be produced in significant amounts from E, coli and 
yeast (Table 2). A major and logical extension of these technologies eventually gained 
application in biofarming, including the use of transgenics to produce valuable human 
proteins in farm animals, which act as drug manufacturing production lines (4,22). 
Later, the agricultural sector felt a new wave of impact from GMOs, primarily from the 
planned introduction of GMO seeds and derivatives to serve precise purposes. The 
application of GMOs in agriculture can now be envisioned for the production of value- 
added crops such as transgenic plants resistant to disease, drought, or frost or capable 
of metabolizing toxic waste (9,22,23). 

Crops with protection traits seem to increase yields significantly for farmers in parts 
of the world where pest pressure is high and chemical pesticides are prohibitively 
expensive. If concerns about contamination of food supplies can be overcome, plant- 
based plastics, polymers and films, lubricants, inks, enzymes, and synthetic fibers could 
be made, which would then begin to make inroads into a $60 billion US market domi- 
nated by petrochemicals (21). 

Although industrial use of new biotechnology and developing GMOs continues to 
progress, the current international market is limiting the introduction of GMO agricul- 
tural products. Limitations result from the “free market” economy, volume, interna- 
tional trade barriers, pricing, and regulatory policies. Despite these difficulties, 
biotechnology-based industry has continued to grow and is now the world’s largest 
business (8) because of the prospect of reduced costs of plant and animal stocks with 
desired traits (Table 3). 

In the last decade, a number of GMO-derived products introduced into the market 
have driven the evolution of these new industries (7,16,23). Plant-based pharmaceuti- 
cals could present a multi-billion dollar market opportunity, with contained farmland 
acting as a production factory (e.g., molecular farming). The chemical companies Dow, 
Epicyte, Prodigene, and Monsanto are using crops to make nutraceuticals and for other 
applications (17). To name a few products, Monsanto’s Polsilac version of the bovine 
growth hormone is now used in 20% of US dairy cows. Monsanto has developed 
transgenic soybeans resistant to their premier herbicide, RoundUp'^^, with other herbi- 
cide-resistant crops such as cotton, com, potato, and rapeseed also in the market. China 
has marketed a virus-resistant tomato (17). 

Calgene, one of the early leaders in the agricultural biotechnology industry, and 
Mycogen, Ecogen, Concept, and Syntro are all among the American industries that 
have launched several agricultural-based GMOs . A Wall Street report suggested that 
the annual growth rate of agricultural biotechnology companies is anticipated to exceed 
the annual growth rate of other industries, indicating that investment in GMO-based 
technologies will finally pay off (8,17). 

Further benefits of GMOs can be realized with changes in perception of GMO prod- 
ucts (Tables 4 and 5). However, changes are slow in coming. For example, the Euro- 
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Table 4 

Advantages and Disadvantages With GMO Cell Types 
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pean Regulatory Council recently agreed to limit the labeling of GMO food products, 
and Britain approved several products, including GMO-based tomato paste (Zeneca), 
rapeseed oil from Plant Genetic System (Belgium), and soy products from Monsanto 
( 17 ). However, based on the fear of presumed long-term adverse health effects, these 
approvals have not come easily as there have been countless demonstrations and strong 
public resistance in Europe against the use of transgenic products ( 24 ). 

The agricultural biotechnology industry seems different from biopharmaceuticals. 
For example, Genentech, Eli Lilly, Amgen, Merck, and Glaxo Smith Kline Beecham 
all have had accelerated Food and Drug Administration approvals and significant com- 
mercial successes for health care products derived from GMOs with little public objec- 
tion ( 25 ). Finally, with the recent Cleaning in Process Act enforced by the European 
Community to ensure the safety of commercial products, there has been an alteration in 
political perception, and the market demand for GMO derived products for medical use 
has surged ( 26 , 27 ). 

5. 1. Transgenic Plants 

Recent publications indicate that over 3500 field trials on transgenic crops in more 
than 40 countries are ongoing. This research reflects the dramatic and effective contri- 
bution that transgenic plants with unique traits can offer in agriculture and horticulture 
( 28 - 30 ). The major transgenic crops approved for commercial production include 
tomato with delayed ripening, cotton and com with insect or herbicide resistance, soy- 
bean with herbicide resistance, and canola with enhanced oil quality ( 17 ). 

5.2. Somatic Cell and Micropropagation 

The most significant contribution of in vitro recombinant methods to plant biotech- 
nology has been somatic cell generation, especially haploid production of cell lines and 
somatic hybridization. Regeneration of haploid cells and plants from microspores is 
important for production of homozygous offspring and for further breeding. This has 
been demonstrated in barley, rice, rapeseed, potato, asparagus, and other plants. 
Somatic hybridization by protoplast fusion has offered an efficient solution to over- 
come interspecific crossing barriers. 

Plant propagation in tissue culture (micropropagation) now has been adopted to 
develop top-quality clones. These clones are selected for their unique horticulture traits, 
pest resistance, or environmental stress conditioning ( 4 , 31 ). The main advantage of- 
fered is the use of combining rapid, large-scale propagation of a new genotype with the 
use of small germplasm- and pathogen-free propagules. Vims- and bacteria-free com- 
mercial production of pyrethmm (a natural insecticide) is derived from this technol- 
ogy; it has a significant export value for countries such as those in East Africa ( 20 ). 

5.3. Bioremediation 

Areas such as specialty chemicals, food additives, commodity chemicals, enzymes 
in food processing industries, waste disposal, mining, and energy production also have 
found the utility of GMOs. Microbes are genetically designed to assist detoxification 
of contaminated water. Environmental cleanup is another extended use; it involves the 
enrichment of nutrients such as nitrogen and phosphoms to augment the efficacy of 
microflora in assimilating environmental waste ( 17 ). Fungal strains have been devel- 
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oped that degrade soil pollutants such as DDT, polychlorinated biphenyl (PCB), and 
cyanide (5). Newly constructed GMOs have also been used in accelerated decomposi- 
tion of organic matter to clean oil-contaminated shorelines. Certain transgenic plants 
and seaweed have been designed as “biofilters” for effluent detoxification, water salin- 
ization, and waste treatment; this is referred to as phytomediation ( 18 , 21 ). 

5.4. Biological Control of Pests, Pathogens, 
and Plant and Animal Diseases 

Use of biological agents, or biopesticides, for the control of plant pests and patho- 
gens has a long history (28-31 ). The global market for chemical pesticides is becoming 
saturated and shows no signs of future growth. On the other hand, use of biopesticides 
is growing annually at the rate of 7% per year (17). Biopesticides are considered more 
pest specific with fewer negative effects on humans, farm animals, and the environ- 
ment. Sales of Bacillus thuringiensis alone have mounted to over $120 million (32). 
The accepted use of baculoviruses for the protection of vegetables and cotton is esti- 
mated as valued at $2 billion (17). 

Dow AgroSciences received speedy approval and an Environmental Protection 
Agency (EPA) Green Chemistry award for the launch of spinosad, a biopesticide from 
a microbial source, as an environmentally friendly insect control agent (32 ). Ecoscience 
has developed fungi to combat cockroaches and biofungicides to protect spoilage in 
citrus fruits. Biofertilizers (nitrogen-fixing bacteria) have also been a special niche 
(30). The EPA and US Department of Agriculture have also approved several products 
for the control of nematodes and phytopathogenic fungi (33). 

In addition, recent mergers of biocontrol companies have resulted in the required 
critical mass to become dominant players in the biocontrol industry. The formation of 
such consortia is noted as a major movement in the biotechnology industry. 

Although there are fears that repeated use and exposure of biopesticides may result 
in some pests developing resistance, this fear is counterbalanced by the fact that certain 
organophosphates and bromo- and chloro-derivatives of pesticides will be phased out 
because of overexposure and health risks. Furthermore, some of the global population 
has resorted to use of natural pesticides for organic farming; this population consumes 
only food and vegetables not exposed to synthetic chemical treatment. 

Use of GMOs is improving the health of farm animals. New vaccines from GMOs are 
being developed and used against brucella, encephalitis, and hepatitis (Table 3). These 
new vaccines have become a dominant method for proper maintenance of farm animals 
and poultry. Increased regulation that requires germ-free fish and meat products and 
fresh fruits and vegetables free of pesticides has opened a new area of diagnostic bio- 
technology for animal and plant farming (34-36). In this new area of diagnostic bio- 
technology, tools of new DNA biotechnology are used for the early monitoring and 
detection of diseases, pests, and chemical residues and for managing health care and life 
expectancy of plant and animal stocks to ensure the marketability of products (37-39). 

5.5. Gene Bank and Germplasm 

Embryos in reproductive animals and germplasm (i.e., self-contained units of propa- 
gation in plant seed and vegetative propagules) are, in fact, a capsule that contains a 
package of genetic blueprint. Commercialization of unique germplasm or embryos with 
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a specific GMO trait is one of the fastest growing sectors of the biotechnology indus- 
try. This includes new biotechnologies of hybrid and artificial seeds, germplasm bank 
cryopreservation, in vitro fertilization, and embryo implantation ( 17 ). 

Efforts for improving reproduction and the quality of animal in vitro biotechnology 
are growing steadily in the cattle and poultry industries. This includes integrating and 
assisting superovulation, in vitro fertilization, and embryo implantation in a surrogate 
mother. Such GMO practices allow breeders to produce multiple embryos with unique or 
most desired qualities ( 40 ). With the success of gender selection and embryo manipula- 
tion, major efforts are now under way in livestock agriculture. The outcome is increased 
meat and milk production that is seven to eight times that of three decades ago. 

Germplasm banks and germplasm cryopreservation of plant seeds, vegetative tis- 
sues, and sperm oocytes are the offshoots of GMO technology development and appli- 
cations. This development has provided the required platform for breeding programs 
of quality germplasm. Sperm cryopreservation and selection of favorable subspecies 
can manipulate, for example, breeding of fish for coloration and shape ( 41 ). 

In agricultural biotechnology, transgenic seed use is developing rapidly. In certain 
GMO plants, somatic hybridization and mutagenesis have led to the identification and 
diagnosis of the role of mitochondria, chloroplast, and DNA elements in cell growth, 
fertility, and differentiation. Understanding these roles has led to the development of 
specific GMO plants with unique traits that induce high rates of meiotic embryogen- 
esis. This method of genetic modification has led to the development of miniaturized 
propagules with such favorable traits as high yield and disease resistance ( 28 ). 

Encapsulation and coating of somatic embryo biotechnology have resulted in the 
evolution of artificial or synthetic seeds for use in automatic planting processes and 
mass production. The quantity of seeds developed through these technologies is esti- 
mated to reach millions of tons by 2005, still only representing a fraction of the $37 
billion in sales of hybrid seeds worldwide. It should be emphasized that the rewards for 
improving seed quality and developing elite cell lines for agriculture is enormous. 
Examples of seed input represent only 5-10% of the total grower’s investment. Thus, 
the reward for improved or GMO seeds with elite quality are highly profitable. For 
example, the market value of 1 kg of elite tomato seeds can reach $20,000 compared to 
$4 to $7 per kilogram of fresh tomatoes in season ( 40 ). 

6. Potential Issues With Commercial Application of GMO 

Although commercial GMO-based biotechnology has emerged as a major force 
behind the marketing of innovative products in the global food and pharmaceutical 
industries, its introduction and future application have become enmeshed in a complex 
set of economic and environmental controversies among scientists, educators, and the 
public ( 42 , 43 ). At one end of the spectrum are those who recognize the potential ben- 
efits of GMO technology to humankind. These benefits may include ensuring success 
in maintaining and evolving new life forms, improving old tools or producing new 
ones, and applying the new technology to allow human activities to be more benign to 
the ecosystem than occurs with traditional chemical technologies. However, others es- 
pouse an opinion that GMOs introduced into the environment may have a chance of 
surviving and multiplying with undesirable consequences ( 44 ). 
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Ecosystems are complex, and environmental conditions are unpredictable; these 
elements of uncertainty have led some scientists and public officials to express concern 
about the use of GMOs ( 43 -^ 6 ). In one sense, this controversy has been compared to 
the similar issue that National Aeronautic and Space Administration faced about possi- 
bly introducing an alien bug from another planet and the consequences on our sur- 
roundings that would occur if the alien bug could not be controlled or traced. 

Thus, in the present society, new technologies are considered in a far more critical 
way than they would have been several decades ago. Biological experiments and 
genetic manipulations in particular have seemed to evoke fear and resistance from some 
( 43 , 44 ). However, in most cases, GMOs are not new to the environment in which they 
are used. Almost invariably, either the same organism or one closely related already 
exists in the ecosystem in which the proposed biotechnology application would occur. 
The major difference between the native and GMO species lies in the addition or alter- 
ation of specific genes or sets of genes regulating aspects of the organism’s biochemi- 
cal pathway. However, certain critical issues differ from application to application and 
in laboratories or in the open environment ( 47 ). Therefore, policymakers have to rely 
on sound scientific review and weigh carefully any potential risks against anticipated 
benefits. In addition, public perception of GMOs is likely to influence current and 
future developments. In fact, after the use of GMOs became more widely accepted, 
new policies were introduced and agreed to address and manage biosafety ( 26 ). 

In 1976, the National Institutes of Health issued the first formal guidelines for 
recombinant research. As scientists and industries learned more about the safety of 
GMOs, initial fears proved excessive, and the guidelines were repeatedly revised, with 
controls on GMO applications relaxed somewhat. Appropriate questions were then 
raised by the agencies that regulated GMO experiments and field trials about how to 
assess potential risks and coordinate the framework for commercial biotechnology and 
the jurisdiction of GMOs. 

After 1986, the White House Office of Science and Technology Policy published a 
more comprehensive document identifying the critical role of specific agencies for 
approving GMO use. For example, the EPA and US Department of Agriculture govern 
regulatory policies, the Food and Drug Administration typically regulates drugs from 
GMOs, and the National Institutes of Health and National Science Foundation lay the 
research polices to ensure biosafety. The purpose of the framework was to enable the 
agencies to “operate” in an integrated and coordinated fashion to cover the full range of 
issues related to plant-, animal-, and microbial-derived GMO technology with the pur- 
pose of addressing biosafety, work practices, and risk prevention ( 26 ). 

One critical consideration for groups relying on GMO-based technologies is the need 
to develop more sophisticated strategies to address the interests of stakeholders with 
the power to influence consumer choice, politics, regulation, and trade ( 17 ). Thus, as 
consumers in industrialized countries are more affected by changing prices, food 
sources, substitutes, and generic competition, this issue has become critical for the 
consumer-driven agricultural biotechnology and pharmaceutical sectors ( 43 ). Although 
there are inherent advantages of the ability to improve the availability of food and 
health care for an ever-growing population, many developing and underdeveloped 
countries that face food and medical shortages may not be in a position to afford expen- 
sive biotechnology-based products. Education, explanation, desensitization, lower 
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prices, and industry promotion are all factors that develop awareness and may eventu- 
ally foster public confidence and acceptance ( 40 ). 

Planned introduction of GMOs for commercial practice in daily life may be accom- 
panied by the following questions from the public: What are the potential risks and the 
outcome with continued use of GMOs? Are they beneficial, harmful, or have no rel- 
evance? How can they be tracked and traced? If harmful effects of GMOs ever manifest, 
can they be managed, contained, and neutralized? Special considerations exist for each 
case of GMO product development. Public acceptance and confidence needs to be built 
and supported through data that address the risks, rewards, and safety. 

Although these issues are beyond the scope of this book, this section only summa- 
rized and highlighted specific and practical issues relevant to research and commercial 
practices for planned introduction of GMOs for human benefit. In this way, readers 
obtain a perspective on the foundation and framework of the technology for personal 
consideration. More perspectives on this area can be obtained in refs. 3 , 8 , 17 , and 21 . 

7. Intragenetic Horizontal Transfers 

The issue of intragenetic horizontal transfers is on the top of every GMO-based 
technology. Gene transfer between species can take place via a limited number of 
means, including hybridization or sexual crossing between plants and closely related 
animals. Transformation in bacteria is possible in the environment. Some of these 
mechanisms are shared between similar classes of organisms; whereas others are unique 
to particular groups. Gene transfer technology seems easy in some groups of bacterial 
species, but more challenging than cloning plants and animals. 

More information pertaining to gene transfer technology comes from laboratory 
experience and well-studied experiments. However, this represents only a small sample 
of what really occurs naturally. Although the frequency of transfer may be low, rapid 
reproduction and large population growth means genes transferred into some bacterial 
populations could quite rapidly exert selection advantages ( 47 ). 

Among insects and animals, there is evidence that transfer can occur via transpos- 
able elements and viruses. Gene transfer among plants does occur rarely, but it has not 
been studied in detail. It therefore seems that, although horizontal transfer between 
closely related bacterial species occurs, there is a significant natural obstacle blocking 
gene transfer and flow between species. 

It seems logical that natural bacterial populations experience lower rates of gene 
transfer than laboratory populations ( 39 ). Several questions normally asked are as 
follows: How often does gene transfer occur within GMOs and by what mechanics? 
What environmental conditions favor the transfer, its integration on chromosomes, 
and expression at target sites? Do natural populations limit the inclusion of genetic 
material of foreign DNA into a new entity? Finally, if the new DNA is transferred and 
expressed, what environmental and ecological consequences occur from the transfer 
to nontargeted species? 

Overall, no matter the outcome of the transfer, two critical questions remain to be 
addressed: How frequently is the genetic material likely to be transferred to nontargeted 
organisms? What is the estimated degree of distance for the genetic relationship 
between the original and the nontargeted species? Horizontal transfer cannot be 
assessed by simple information about host, gene vector, and final construct. Other 
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factors influence and explain the outcome of genes inserted into a GMO. The out- 
come, the natural history, and the expression of the gene under various environmental 
conditions can be studied. The behavior of the vector in the host at various stages is 
fully evaluated to understand the horizontal transfer of the target gene (47). Summa- 
rized below are some of the factors one needs to consider and address appropriately 
for successful development of a GMO-based platform. 

7.1. GMO Host 

It is important that the life cycles and physiology of microbes, plants, fungi, and 
animals used as hosts for genetic modification are studied and understood to facilitate 
selection of GMO product targets. For example, various means by which the potential 
gene can be transferred must be first characterized in laboratory experiments. Although 
the genetic exchanges and specific functions of some bacteria are well understood in 
controlled laboratory experiments, their population structure and specific functions in 
normal environmental conditions must also be considered. Therefore, a well-developed 
natural history of the host GMO supports the modeling and evaluation of the genetic 
and ecological implications of the planned introduction of the GMO product (39). 

7.2. Genes Inserted Into GMOs 

The planned use of GMOs involves genes with characteristic attributes well under- 
stood by scientists (Table 3). Extensive characterization assists in determining the poten- 
tial new interactions among genes, their environment, and methods of applications for 
novel expression phenomenon. Through experience, more specific understanding of 
GMO use is gained. 

The toxin of B. thuringiensis offers a good example of a gene from an organism that 
is well characterized and for which the material from the bacterium has been used for 
decades (17). There are now over 500 different B. thuringiensis toxin products avail- 
able in over 20 formulations (e.g., powder, pellet, solution, emulsion) for the agricul- 
tural and forestry settings. Tons of the toxin from this bacterium have been applied to 
agriculture and forestry land. Intensive research has provided no evidence to date that 
the endotoxin gene, its product expressed in other microbes, or the toxin from the strain 
(var. kurotsaki) has any negative effect on organisms other than Lepidoptera and 
closely related insects (24). 

7.3. Vectors and Constructs 

Just as it is essential to have well-characterized hosts and genes for GMO develop- 
ment, it is equally important to use vectors with precise gene sequences. Important prop- 
erties to be considered here include the vector’s ability to integrate independently in the 
strain, its special need to exchange information, and its degree of mobility and host range. 

Another important factor affecting whether the gene inserted in a GMO has prob- 
ability of movement from the altered host to a nontargeted organism is the final con- 
figuration of the gene-host, that is, the DNA structure at the site of gene insert. For 
example, inserting a gene into a chromosome minimizes subsequent gene transfer com- 
pared to insertion on a plasmid. The sequence of the regulatory gene controlling the 
expression of the inserted gene is also critical and plays a major role in limiting the 
transfer of an active gene to nontarget recipients (47). 
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7.4. Ecological and Extrinsic Factors 

The environment in which the GMO is introduced also influences the mobility and 
transfer of the gene. The expression of the trait, the surrounding environment, and its 
interaction with other GMOs it encounters must all be evaluated and analyzed to deter- 
mine the impact and the fate of the targeted GMO. 

7.5. Survival and Population Density 

One critical component of the potential capability of GMOs for horizontal transfer is 
the ability of the GMO to establish and reproduce in its new habitat and express the 
engineered trait. Other factors that have a direct impact on gene transfer between cells 
are the absolute density of the GMOs in the surrounding ecosystem. Population densi- 
ties can also be affected by the method used to introduce the GMO into the environ- 
ment. In addition, timing of the planned introduction of the GMO has an effect on the 
densities of both the GMO and surrounding nontarget recipients. 

7.6. Nontarget Recipients 

There is a potential for gene transfer in organisms genetically similar to the GMO 
host. The probability of gene transfer declines as evolutionary relatedness decreases. 
The restriction enzyme system that exists in all cells recognizes and thereby degrades 
evolutionarily unrelated “foreign” DNA. 

Horizontal transfer of genetic material between higher organisms (animals) is less 
likely than between simple ones (bacteria). Such events, however, are minimized if the 
engineered gene is already present in the recipient environment, and the concern about 
the transfer beyond the intended host is reduced. However, genetic transfer via sexual 
recombination among higher and lower forms could be an important consideration. 
Particularly genetic mobility via natural sexual transfer from crop plants (e.g., 
transgenic herbicide-resistant plants) to related weedy species must be evaluated. Chap- 
ters 8 and 9 explicitly describe measures to handle and prevent these transfers. 

7.7. Selection Pressure 

Selection pressure is a major variable in assessing the probability that new genetic 
material will persist, be expressed in a GMO, and be transferred to a nontarget popula- 
tion. Selection pressure is determined by a combination of factors, including encoded 
trait, the engineered gene, the compatibility of the recipient cell, and the value of the 
trait in its environment. Because the ecosystem is dynamic and the conditions in most 
cases are harsh and stringent (inadequate nutrients for growth, suboptimum tempera- 
ture), selection pressure is critical, especially for gene and DNA replication. 

7.8. Technologies for Measuring, Tracking, 
and Monitoring Gene Transfer 

Central to the successful commercial introduction and implementation of new GMO 
products is the development of technologies for the economical, convenient, and effec- 
tive tracking of the GMO or the engineered genes. Currently, two approaches are 
employed: selective markers and biochemical tests ( 17 ). 

The selective marker procedure is based on marking the chromosome with a resis- 
tance gene (mostly antibiotics or nutritional markers) that confers a selective advantage 
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for identifying the GMO within a mixed population by isolating under selective condi- 
tions. For example, when exposed to selection pressure exerted by antibiotics, GMOs 
carrying a resistance gene survive against the nontargeted recipients and are easily 
detected. The antibiotic resistance strategy for tracking GMOs puts a resistance marker 
near the gene of interest. The antibiotic channel is used to recover any GMO that con- 
tains the resistance gene. Typically, the gene of interest is integrated with the resistance 
marker, thus obtaining and quantifying the resistant GMO cells. Use of a suitable marker 
for screening purposes should be considered because those that confer unintended resis- 
tance to whole families of antibiotics could lead to problems. The kanamycin-resistant 
gene, for example, could confer an ability to neutralize similar antibiotics. 

Another selection approach relies on nutritional markers with a metabolite gene (e.g., 
those encoding for enzyme or metabolic activity) not associated with the host. 
Monsanto researchers have produced such a system via the insertion of genes for 
metabolizing sugar lactose into soil bacterium ( 17 ). 

Biochemical methods rely on gene probes made with recombinant technology. In 
most cases, a segment of DNA complimentary to the gene DNA sequence is employed 
as the probe. It is labeled with radioactivity or a dye that can be visibly detected with 
high precision. A gene probe will track a gene even if it is separated from the tightly 
linked selecting marker or inserted in an organism that cannot be isolated and cultured. 

Precise identification is also possible with an antibody probe analysis derived from 
monoclonal antibody technology. But, quantifying gene transfer with this approach 
can require many tests and a large sample size. Processing a large volume of samples 
can be difficult and expensive. 

With bacterial cells, the population is selected from the environment, their DNA is 
extracted, and the specific gene is probed and assayed. With plants, leaves or other 
segment are used; similarly, the DNA is extracted and tested for the presence or absence 
of the gene ( 17 ). 

The EPA universally accepts the use of the gene probe concept. In the case of soil 
organisms, extracted DNA must be purified to a certain degree to meet laboratory con- 
ditions for test precision and accuracy. For detection in water, enormous volumes must 
be processed to obtain an adequate sample size ( 40 ). In a related biochemical test for 
plant GMO, the luciferase gene derived from fireflies has been used ( 48 ). This gene 
codes for a light-emitting protein, luciferase, which when inserted and expressed in the 
plant, causes it to glow in dark. This probe offers a rapid method of tracking GMOs 
( 17 ). However, because it is highly energy intensive for the host cells to express, it 
does have limited use. With modem computer technology, other sophisticated imaging 
technologies are now being designed for tracking and monitoring GMOs (photography 
and X-ray film and three-dimensional computer analysis). 

7.9. Biosafety Measures and Quality Control 

Paramount to GMOs are biosafety assurance, quality assurance, and exposure risk 
analysis (Tables 4 and 5). These areas are legitimate concerns in the planned use of 
transgenics ( 49 ). Several technologies are emerging that will prevent environmental 
transfer of genetic material by inactivating the GMO after its constmction and applica- 
tion ( 17 ). Also, advances in nucleotide chemistry have opened new opportunities for 
vector constmction and custom gene designs that are immobilized and restricting, mak- 
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ing an escape-proof host. Reducing or eliminating the use of a mobile plasmid and 
transposon in constructing GMOs helps minimize the risk of transfer. In some GMO 
construction, a “disarmed” transposon is typically engineered that can no longer sepa- 
rate or move independently from the chromosome in which it is inserted. This approach 
of crippling the vector has been used successfully in transferring genes from B. 
thuringiensis to Pseudomonas fluorescens (31). 

7. 10, Intellectual Property and Legal Issues Facing GMOs 

The application of biotechnology for the benefit of humankind has been with us 
since farmers first began to “artificially” select plants, animals, and microbes to enhance 
their production (50). Only in the last century, by integrating Mendelian genetics, has it 
become possible to direct and focus the activities of biological matter to transcend the 
barrier between species and craft genes in forms that would have been impossible to 
bring about through natural breeding or would have required several generations (57 ). 
The advent of recombinant DNA technology has propelled a second, and even more 
radical, revolution in the bioengineering of plants, animals, and microbes (22,48). 

Because of the mammoth investment and effort engaged to advance GMO technol- 
ogy, it is essential that inventors have some way of preventing others from unjustly 
reaping the fruits of their labor. Intellectual property law provides that protection by 
allowing those who can demonstrate the true invention to monopolize its commercial 
application temporarily, but not its every use. Not surprisingly, biotechnology-compa- 
nies engaged in GMO-related technologies consider intellectual property protection 
the “lifeblood” or cornerstone of their industry (51 ). 

Patent law was fundamental to the inventiveness of the Industrial Revolution; how- 
ever, biological matter did not fit well into the categories that evolved during the 
Industrial Revolution. Legal changes generally have lagged behind the advances of 
biotechnology and therefore have resulted in controversies. There has been a long 
political debate (40) in the most recent move to allow patents on cloning. In addition to 
extending full patent protection to a living system, the current patent system poses the 
danger of overprotection by denying subsequent inventors the use of the genetic mate- 
rial to make further advances, in effect robbing the storehouse of knowledge of the 
“basic tools of science” needed for the technology to work. 

For a patent to be granted for a GMO, it must be qualified as an “invention,” and the 
subject matter claimed in the patent application must meet three basic requirements: 
novelty (new), utility (useful), and subject matter eligibility (composition of matter). 
However, GMOs claiming biological subject matter face tremendous obstacles in es- 
tablishing eligibility of the inventions for patent protection. The US Patent and Trade- 
mark Office had rejected any claims on living matter, no matter how much ingenuity 
might have been involved in the creation of the new entity. The Supreme Court’s land- 
mark decision in Diamond Chackrabartty finally changed all that in 1980, when a 
patent application claiming a GMO with the unique ability to break down crude oil 
completely into a compound edible to aquatic life was granted (17). The usefulness of 
this organism in cleaning up oil spills withstood the legal appeal and paved the way to 
the marketing and commercialization of GMOs. 

Since then, several new patents on GMOs have been issued to a number of biotech- 
nology companies. Some of the newly patent protected inventions include develop- 
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ment of transgenic plants for combatting pests; development of varieties of transgenic 
plants with different outputs (cotton, com, soybean, alfalfa, rapeseed); enzymes; nitro- 
gen-fixing bacteria; animal and human viral vaccines; growth hormones; antibiotics; 
human therapeutics; and medicines ( 52 ). 

8. Economic Challenges 

The key economic issues facing the GMO industry include the impact of uncertain 
consumer adoption; midstream storage, processing, and transport of GMOs; realloca- 
tion of value within the food and pharmaceutical chains; and stiff competitive advan- 
tages between countries and trade flows ( 53 ). Furthermore, financial analysts anticipate 
that GMO-derived crops and animals that are more productive will further place down- 
ward pressures on the price of food and drugs; thus, GMOs will leave potentially little 
gain for those producing compounds. Developments that signal the hurdles ahead are 
highlighted: 

1. In 2003, an industrial working grouping in Canada established a new and rigorous set of 
guidelines for assessing the cost and benefits of introducing a new GMO in the supply 
chain. 

2. Several US industry groups, including the Grocery Manufacturing and Food Marketing 
Institute, enforced stricter regulation of biopharma compliance. 

3. The US National Organic Program has imposed limits on GMOs. Public opposition in 
Europe appears to be hardening. Europe plans to require labeling of products derived from 
GMOs ( 54 ). 

However, when the risk-to-benefit ratio is measured and evaluated, it seems that 
ample product opportunities exist for GMO based platforms. Successful integration 
and acceptance will require effective marketing strategies to gain product acceptance 
coupled with demonstrated leadership in addressing evolving issues facing GMO 
applications (Tables 4 and 5). In addition, industries will need to influence public opin- 
ion and decision makers in the global economy by carefully managing their brand iden- 
tities to build trust on the part of regulatory agencies; in most cases, they must meet or 
exceed market performance. Furthermore, new and emerging technologies in agricul- 
ture, food, and medicine are anticipated to open new opportunities for GMOs in the 
future (Table 5). 

9. About the Book 

The chapters of this book are crafted to provide a how-to handbook and provide the 
layperson with up-to-date information on recent developments in GMOs and their 
future directions. The chapters address questions on how the structure of the industry is 
changing, which driving forces are shaping the economic future, which new technolo- 
gies are emerging that will have a significant impact on the GMO industry, and which 
groups (public health, trade associations, etc.) are interested and which roles they play. 

The book is divided into three sections, covering transgenic microbes, animals, and 
plants. In the first part of each section, fundamental aspects and the biological concepts 
are presented for understanding of how the DNA molecules are cut, aligned, and 
inserted into cells to result in the formation of a GMO. Recombinant techniques that 
lead to cloning of specific genes are discussed, and important laboratory procedures 
are explained. Furthermore, appropriate procedures to isolate desired genes to ensure 




Introduction 



23 



that the genes function properly in the host GMO cells are presented. A section on 
optimizing the expression of cloned genes in the GMO is also included. How genes 
determine specific traits, are introduced into plant and animal GMOs, and are passed 
from one generation to the next are further examined. These topics provide the funda- 
mental techniques and framework for understanding the application of GMO. 

9. 1. Microbial GMOs 

The section on microbial GMOs explains the utility of microbial GMO species for 
carrying out specific biological processes. It further explains how genetically modified 
microbial cells are designed to act as biological engines and factories by altering meta- 
bolic pathways to create new and unique production methods for chemicals, pharma- 
ceutical proteins, antibiotics, vaccines, and diagnostics tools (Tables 4 and 5). Because 
it is often assumed that growth of large quantities of GMOs is routine, the procedures 
and examples for managing large-scale production of recombinant proteins are dis- 
cussed. The various parameters that must be controlled during the production and puri- 
fication and isolation phases to ensure high yield from transgenic cells line (55 j are 
emphasized. 

9.2. Plant GMOs 

Traditionally, novel high-yielding strains of different crops are developed through 
selective crosses and breeding. Now, this time-consuming process has been superseded. 
The development of methods for selective cloning and engineering of specific genes 
and the impact of gene silencing are discussed in this section. The section further high- 
lights the various transgenic plants engineered for insecticide activity, viral infection 
tolerance, herbicide resistance, altered fruit ripening, altered flowering pigments, and 
improved nutritional quality. Also included is the use of plant cell suspensions and 
large-scale production of bioactive molecules. 

9.3. Animal GMOs and Biotechnology 

The various transgenic animal studies that are still in early discovery stages offer 
new challenges and hurdles to the prediction of their effect in the recipient species. The 
section on animal GMOs and biotechnology discusses the use of the mouse model to 
mimic cancer induction, cystic fibrosis, and Alzheimer’s disease; the impact of animal 
cell lines; and the formation of transgenic animals for human therapeutics. Further- 
more, the use of genetic technology and animal GMOs for additional diagnostic appli- 
cations for human disease characterization and the limitless opportunities for efficient 
and cost-effective therapies is discussed. 

For the paragraph “In each chapter,” add a separate head to distinguish it from the 
discussion of animal GMOs and biotechnology in the preceding section. 

In each chapter, all authors include a thorough explanation of GMO concepts and 
present them a format that is easy to read and understand. All chapters address the risks 
and rewards, the pros and cons, the environmental impacts and put into proper perspec- 
tive the moral, bioethical, as well as legal issues facing introduction of GMOs without 
bias. All topics are articulated with the firm belief that education on GMOs is war- 
ranted and absolutely necessary so the public can acquire the facts needed to appreciate 
and evaluate this technology appropriately. The reader can rationally evaluate what is 
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considered right and proper use of GMO technologies. The well-informed reader will 
have the option to embrace the new revolution of GMO biotechnology and its benefits 
without fear and with enhanced reassurance. 
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1. Introduction 

With the development of recombinant deoxyribonucleic acid (DNA) technology, 
the metabolic potentials of microorganisms are being explored and harnessed in a vari- 
ety of new ways. Today, genetically modified microorganisms (GMMs) have found 
applications in human health, agriculture, and bioremediation and in industries such as 
food, paper, and textiles. Genetic engineering offers the advantages over traditional 
methods of increasing molecular diversity and improving chemical selectivity. In addi- 
tion, genetic engineering offers sufficient supplies of desired products, cheaper prod- 
uct production, and safe handling of otherwise dangerous agents. This chapter 
delineates several molecular tools and strategies to engineer microorganisms; the 
advantages and limitations of the methods are addressed. The final part of this chapter 
reviews and evaluates several applications of GMMs currently employed in commer- 
cial ventures. 

2. Molecular Tools for Genetic Engineering of Microorganisms 

A number of molecular tools are needed to manipulate microorganisms for the 
expression of desired traits. These include (1) gene transfer methods to deliver the 
selected genes into desired hosts; (2) cloning vectors; (3) promoters to control the 
expression of the desired genes; and (4) selectable marker genes to identify recombi- 
nant microorganisms. 

2. 1. Gene Transfer Methods 

Table 1 (1-23) lists the gene transfer methods commonly used to introduce DNA 
into commercially important microorganisms. The most frequently used method is 
transformation. In this process, uptake of plasmid DNA by recipient microorganisms 
is accomplished when they are in a physiological stage of competence, which usually 
occurs at a specific growth stage (24). However, DNA uptake based on naturally 
occurring competence is usually inefficient. Competence can be induced by treating 
bacterial cells with chemicals to facilitate DNA uptake. For Escherichia coli, an organ- 
ism used commonly as a cloning host and a “bioreactor” for the commercial production 
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Table 1 

Gene Transfer Methods Used With Several Commercially Important Microorganisms 
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of numerous therapeutic proteins, the uptake of plasmid DNA is achieved when cells 
are first treated with calcium chloride or rubidium chloride (10). 

For many microorganisms, such as the antibiotic producing Streptomyces, transfor- 
mation of plasmid DNA is a more complicated process. For these organisms, transfor- 
mation involves preparation of protoplasts using lysozyme to remove most of the cell 
wall. Protoplasts are mixed with plasmid DNA in the presence of polyethylene glycol 
to promote the uptake of DNA. Growth medium, growth phase, ionic composition of 
transformation buffers, and polyethylene glycol molecular weight, concentration, and 
treatment time are variables that must be studied to identify the optimum conditions for 
protoplast formation and regeneration. 

Electroporation is an alternative method to transform DNA into microorganisms. 
This method, originally used to transform eukaryotic cells, relies on brief high-voltage 
pulses to make recipient cells electrocompetent (25). Transient pores are formed in the 
cell membrane as a result of an electroshock, thereby allowing DNA uptake. Growth 
phase, cell density, growth medium, and electroporation parameters must be optimized 
to achieve desirable efficiency. The main advantage of this method is that it bypasses 
the need to develop conditions for protoplast formation and regeneration of cell wall. 
Electroporation is often used when the efficiency of protoplast transformation is insuf- 
ficient or ineffective. Several reports have documented the application of this method to 
industrially important Streptomyces (16-18), Corynebacterium (9), and Bacillus (5,6). 
Electroporation is also the primary method of choice for transferring DNA into lactic 
acid bacteria (11,26,27). In addition to using purified DNA for electroporation proce- 
dures, methods have been developed to transfer DNA directly from DNA-harboring 
cells into a recipient without DNA isolation (28). 

Conjugation is another method used to introduce plasmid DNA into microorganisms. 
This method involves a donor strain that contains both the gene of interest and the origin 
of transfer (oriT) on a plasmid and the genes encoding transfer functions on the chromo- 
some (29). Upon brief contact between donor and recipient, DNA transfer occurs. After 
conjugation takes place, donor cells are eliminated with an antibiotic to which the re- 
cipient cells are resistant. Recipient cells containing the transferred plasmid are identi- 
fied based on the selectable marker gene carried by the plasmid. One advantage of this 
method is that it does not rely on the development of procedures for protoplast forma- 
tion and regeneration of cell wall. In addition, this method offers the possibility of by- 
passing restriction barriers by transferring single-stranded plasmid DNA (21). 
Introducing DNA by conjugation from donor E. coli has proven useful with Streptomy- 
ces and Corynebacterium (8,19-23). 

2.2. Vectors 

Selection of a cloning vector to carry out genetic modifications depends on the choice 
of the gene transfer method, the desired outcome of the modification, and the applica- 
tion of the modified microorganism. Several classes of vectors exist, and the choice of 
which to use must be made carefully. Replicating vectors of high or low copy numbers 
are commonly used to express the desired genes in heterologous hosts for manufactur- 
ing expressed proteins. Replicating vectors are also used to increase the dosage of the 
rate-limiting gene of a biosynthetic pathway, such as that used for an amino acid, to 
enhance the production of the metabolite. Cosmid and bacterial artificial chromosome 
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vectors, which accept DNA fragments as large as 100 kb, are necessary when cloning a 
large piece of DNA into a heterologous host for manipulation and high-level metabolite 
production (JO, 57k Conjugal vectors facilitate gene transfer from an easily manipulated 
organism such as E. coli into a desired organism that is usually more difficult to trans- 
form. Gene replacement vectors allow stable integration of the gene of interest. Food- 
grade vectors differ from the conventional cloning vectors in that they do not carry 
antibiotic resistance marker genes. 

Special consideration must be given when constructing GMMs for industrial appli- 
cations. If a GMM is to be released into the environment as a biological control agent, 
conjugal vectors should be avoided to prevent the horizontal transfer of the vectors and 
the genes into indigenous microorganisms. If a GMM is used as a starter culture for 
food fermentation, conjugal vectors should also be avoided (32), and food-grade vec- 
tors should be developed and used for genetic manipulation (27,33). 

2.3. Promoters 

A promoter is a segment of DNA that regulates the expression of the gene under its 
control. Constitutive promoters are continuously active; inducible promoters become 
activated only when certain conditions, such as the presence of an inducer, are met. It is 
important to select an appropriate promoter to optimize the expression of the target 
genes for desired timing and level of expression. A strong constitutive promoter is used 
when continuous expression of a target gene is desirable. For example, constitutive 
promoters were used to drive the expression of selectable marker genes to achieve 
complete elimination of nontransformed cells (34). However, inducible promoters are 
often chosen when it is necessary to control the timing of target gene expression. This 
is especially true when expressing foreign genes, including toxin genes in E. coli. 

The most commonly used inducible promoter for target gene expression in E. coli, 
the lac promoter, is turned on when the nonhydrolyzable lactose analog isopropyl-(3-D- 
1-thiogalactopyranoside (IPTG) is added to the growing culture (35,36). This promoter 
is relatively weak and therefore is often suitable for expressing genes encoding toxic 
proteins (35). Promoters dependent on IPTG induction are usually undesirable for large- 
scale production of therapeutic proteins because of the high cost of the inducer and 
potential toxicity (37). 

Alternative promoters have also been developed for this purpose. The arabinose pro- 
moter is induced upon addition of L-arabinose to the medium (35,38). L-Arabinose is a 
good alternative to IPTG because it is a less-expensive compound and thus is cost- 
effective in large-scale fermentations. The cold-shock promoter based on the cspA gene 
ofE. coli is induced upon temperature downshift (39). However, this promoter becomes 
repressed within 2 hr after temperature downshift and is therefore unable to achieve 
high-level accumulation of desired proteins. This problem is overcome by using an E. 
coli strain carrying a null mutation in the rbfA gene and thereby allowing continuous 
expression of target genes (40). The phoA and trp promoters are turned upon with phos- 
phate or tryptophan depletion, respectively, in the medium (35,36). These inducible 
expression systems are inexpensive to implement and therefore are worth consideration 
for industrial applications. Promoters controlled by pH, dissolved oxygen concentra- 
tion, or osmolarity in the medium are possible attractive alternatives (36,41 ). 




GMM Development and Applications 



33 



2.4. Selectable Marker Genes 

Selectable marker genes, which often encode proteins conferring resistance to antibiot- 
ics, are an important part of cloning vectors and are required for identification of trans- 
formed cells. Application of selection pressure is necessary because the number of 
transformed cells is often significantly less than the number of nontransformed cells. 
Transformed cells are identified using a toxic concentration of the selection agent to in- 
hibit the growth of the nontransformed cells. Usually, high-level expression of a select- 
able marker gene is necessary to ensure complete elimination of nontransformed cells. 

Antibiotic resistance marker genes, although routinely used, are not generally ac- 
ceptable for the construction of recombinant organisms such as lactic acid bacteria and 
yeasts used for food fermentation (34,42 ). For lactic acid bacteria, alternative selection 
systems based on plasmid-linked properties of the organism itself, including lactose 
metabolism, proteolytic activity, DNA synthesis, and bacteriocin resistance, have been 
developed and incorporated into cloning vectors (11,42). One problem associated with 
these selection systems is that they tend to give more nontransformed background cells 
than the antibiotic resistance marker gene-based selection systems (11). 

For constructing recombinant yeast acceptable for food fermentations, a number of 
selection systems based on yeast genes instead of heterologous antibiotic resistance 
marker genes were developed (43 ). One such system is based on the YAPl gene, which 
is responsible for stress adaptation in yeast (34). Overexpression of this gene under the 
control of the constitutive yeast gene (PGK) promoter confers resistance in cells to the 
fatty acid synthesis inhibitor cerulenin and the protein synthesis inhibitor cyclohexim- 
ide. An added advantage of this dual selection system is that it almost completely elimi- 
nates nontransformed background cells. 

3. Strategies for Genetic Engineering of Microorganisms 

Several strategies have been developed to create GMMs for desired traits. They 
include (1) disruption or complete removal of the target gene or pathway; (2) 
overexpression of the target gene in its native host or in a heterologous host; and (3) 
alteration of gene sequence, and thereby the amino acid sequence of the corresponding 
protein. 

3. 1. Disruption of Undesirable Gene Functions 

Disruption of a gene function can be achieved by cloning a DNA fragment internal 
to the target gene into a suitable vector. Upon introducing the recombinant plasmid 
into the host organism, the internal fragment of the gene, along with the vector, is 
integrated into the host chromosome via single-crossover recombination. The integra- 
tion results in the formation of two incomplete copies of the same gene separated by 
the inserted vector sequence, thereby disrupting the function of the target gene. How- 
ever, such integration is unstable because of the presence of identical DNA sequences 
on either side of the vector. The recombinant strain often undergoes a second recombi- 
nation that will “loop” out the recombinant plasmid from the chromosome, thus restor- 
ing normal function of the target gene. 

To create a stable recombinant strain blocked in the unwanted gene function, a gene 
replacement plasmid carrying two selectable marker genes is required. The first select- 
able marker gene, originating from the cloning vector, is used to select the transformed 
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cells, whereas the second selectable marker gene is inserted into the target gene. The 
recombinant plasmid is introduced into the host organism, followed by the selection of 
transformed cells based on the first selectable marker gene. Upon double-crossover 
recombination, the second selectable marker gene, now inserted into the target gene on 
the host chromosome, disrupts the sequence of the target gene and destroys gene func- 
tion. The recombinant strain is selected based on its resistance to the second selectable 
marker gene product and its sensitivity to the first selectable marker gene product. 

Another approach to disrupting gene functions relies on antisense technology. The 
technology is based on antisense ribonucleic acid (RNA) or DNA sequences that are 
complementary to the messenger RNAs (mRNAs) of the target genes (44 ). The binding 
of an antisense molecule to its complementary mRNA results in the formation of a 
duplex RNA structure. The activity of the target gene is inhibited by the duplex RNA 
structure because of (1) an inaccessible ribosomal-binding site that prevents transla- 
tion; (2) rapid degradation of mRNA; or (3) premature termination that prevents tran- 
scription (45). Antisense technology has been used to downregulate target gene 
activities in bacteria (45). The main advantages of this approach are rapid implementa- 
tion and simultaneous downregulation of multiple target genes. In addition, this method 
is ideal for downregulation of primary metabolic gene activities without creation of 
lethal events. 

3.2, Overexpression of Desired Genes 

High-level expression of a target gene may be achieved by employing a high copy 
number vector. Eggeling et al. (46) constructed several Corynebacterium glutamicum 
recombinant strains containing increased copy numbers of dap A, a gene encoding 
dihydrodipicolinate synthase at the branch point of the lysine and methionine/threo- 
nine pathway. Lysine titer was higher in the recombinant strain containing one extra 
copy of dapA than the wild-type strain and was highest in the recombinant strain con- 
taining the highest copy number of the same gene. 

However, gene expression systems based on high copy number vectors have a num- 
ber of drawbacks. One is the segregational instability of recombinant plasmids, which 
results in the loss of recombinant plasmids and therefore loss of the desired traits. For 
example, expression of the Bacillus thuringiensis (Bt) toxin gene from a high copy 
number vector in Pseudomonas fluorescens was undetectable because of plasmid 
instability (47). Segregational instability of plasmids is usually resolved by maintain- 
ing recombinant strains under selective pressures, usually by means of antibiotics. 
However, concerns about the use, release, and horizontal transfer of antibiotic resis- 
tance marker genes suggest that other means of maintaining plasmid stability need to 
be developed. 

Baneyx (35) outlined a few options to achieve this goal. One method relies on creat- 
ing a mutation in a critical chromosomal gene that is complemented with a functional 
copy of the same gene on the plasmid. As long as the plasmid housing the critical gene 
is present, the recombinant strain will survive. Major disadvantages of this method are 
the need to create a mutation in an essential gene of the host organism, the need to 
develop a specific growth medium, and the need to introduce an additional plasmid- 
encoded gene to complement the deficiency (35). 
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Another concern about the use of high copy number vectors for high-level protein 
production in bacterial cells, especially in E. coii, is the formation of insoluble protein 
aggregates known as inclusion bodies. Inclusion bodies are biologically inactive 
because of protein misfolding, which is a consequence of rapid intracellular protein 
accumulation (35,48). Although methods exist to isolate and renature inclusion bodies 
(49-51), these systems are often inefficient and add steps in the purification of active 
proteins. Also, in the process of renaturation of proteins, a significant percentage of the 
proteins remains denatured and inactive (52). 

In most cases, the goal of protein production is to achieve acceptable levels of accu- 
mulation of desired proteins that retain biological activity. To achieve this goal, the 
rate of recombinant protein synthesis needs to be optimized (36). An effective method 
to accomplish this is by lowering the growth temperature or by altering medium com- 
position (53). A molecular approach to maximizing active protein production is to 
coexpress the genes that facilitate protein folding and improve transportation of the 
recombinant protein out of the cell to decrease the intracellular concentration of the 
protein (36,54,55). Another molecular approach is to carefully select a vector or pro- 
moter system that does not overwhelm the cell’s capacity to produce active proteins 
(56). However, both methods result in GMMs that harbor plasmids. 

A different approach, which ensures expression of target genes at desired levels 
and avoids plasmid segregational instability and production of inclusion bodies, is to 
integrate target genes into the host’s chromosome (57). Although integration of a 
single copy of target genes may not be enough to achieve the desired level of protein 
production, integration of multiple copies of target genes has yielded very encourag- 
ing results (58-60). 

3.3. Improving Protein Properties 

Site-directed mutagenesis and DNA shuffling are two powerful technologies that alter 
gene sequence in vitro to produce proteins that have improved characteristics. Site- 
directed mutagenesis is a technique used to change one or more specific nucleotides 
within a cloned gene to create an altered form of a protein via change in a specific amino 
acid (61). This technique has been used successfully to identify catalytically important 
residues in new proteins. Two examples include the identification of catalytically es- 
sential residues in the Aspergillus oryzae Taka-amylase A (62) and the identification of 
the active site residue in the Clostridium thermosulfurogenes xylose isomerase (63). 

DNA shuffling, a technology introduced in 1994, is based on error-prone polymerase 
chain reaction and random recombination of DNA fragments (64 ). DNA shuffling may 
involve a single gene or multiple genes of the same family. Family gene shuffling is 
more powerful than shuffling of single genes because it takes advantage of the natural 
diversity that already exists within homologous genes (65,66). 

Site-directed mutagenesis and DNA shuffling have been applied successfully for the 
improvement of numerous commercially important enzymes, notably the enzymes used 
in laundry detergents (67,68). The goals sought commonly include altered substrate 
specificity, improved enzyme activity under broad washing conditions such as pH and 
temperature, enhanced resistance to detergent additives such as bleach, and longer shelf 
life. To improve enzyme characteristics using site-directed mutagenesis, prior knowl- 
edge regarding the enzyme, such as its active site and substrate-binding site, is required. 
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The advantage of site-directed mutagenesis is that only a limited number of 
recombinants will be screened. DNA shuffling, on the other hand, does not require 
specific knowledge about the enzymes of interest and can create new variants con- 
taining multiple beneficial mutations in the gene sequence for maximum benefit. 
High-throughput screening assays for identifying desired recombinants are neces- 
sary for using this method. 

3.4. Approaches to Enhancing Product Yield 

Usually, production levels of metabolites of commercial value, such as amino acids, 
vitamins, and antibiotics, by unaltered natural-producing microorganisms are quite low. 
Enhancing metabolite yield is therefore essential for meeting the product demands and 
for maintaining an economically viable process. Several approaches have proven suc- 
cessful in increasing the production of the desired products through manipulating the 
producing microorganisms. They include (1) overcoming rate-limiting steps; (2) elimi- 
nating feedback regulation; (3) manipulating regulatory genes; (4) perturbing central 
metabolism; (5) removing competing pathways; and (6) enhancing product transport. 

3.4.1. Overcoming Rate-Limiting Steps 

Rate-limiting steps refer to the steps in a biosynthetic pathway that restrain the flow of 
intermediates and thereby limit the overall production of the final product. The classical 
approach to identify rate-limiting steps is to feed pathway intermediates to the producing 
strain. If the intermediate is not converted to the final product, assuming it is transported 
into the cell, one or more steps between the intermediate and the final product are limit- 
ing. Once rate-limiting steps are identified, modification of the genes that encode the 
limiting pathway enzymes by either increasing gene dosage (amplification) or placing 
the gene under the control of a strong promoter often leads to relief of the bottleneck. 

Ikeda et al. (69) successfully increased phenylalanine production in C. glutamicum 
by increasing the copy numbers of the genes encoding the rate-limiting enzymes in the 
phenylalanine pathway. Kennedy and Turner (70) increased penicillin production in 
Aspergillus nidulans by replacing the native promoter of the rate-limiting 6-(L-a- 
aminoadipyl)-L-cysteinyl-D-valine synthase gene with a strong inducible ethanol dehy- 
drogenase promoter. 

3.4.2. Eliminating Feedback Regulation 

One mechanism by which microorganisms control the production of essential 
metabolites, such as amino acids, is feedback regulation (71 ). Genetic engineering of- 
fers a promising solution to overcome feedback regulation and satisfy increasing de- 
mand. An excellent example is isoleucine, an amino acid produced by C. glutamicum. 
In C. glutamicum, threonine dehydratase, the first committed enzyme in the isoleucine 
biosynthetic pathway, is sensitive to inhibition by the end product isoleucine. Isoleu- 
cine production was increased by relieving the feedback inhibition either by amplify- 
ing the native gene (ilvA) encoding the enzyme or by expressing the E. coli gene tcdB, 
which is insensitive to isoleucine feedback inhibition, in C. glutamicum (72). 

3.4.3. Manipulating Transcription Regulatory Genes 

Manipulation of transcription regulatory genes is another way of achieving increased 
production. There are two types of regulatory genes, categorized by the effect they have 
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on the genes they control. Positive regulators turn on the expression of the genes they 
control; negative regulators repress the expression of the genes under their control. Regu- 
latory genes control many biological processes, including antibiotic biosynthesis. Genes 
involved in antibiotic biosynthesis are often linked to form a cluster that usually contains 
pathway- specific regulatory genes (73). Such regulatory genes encode proteins that di- 
rectly bind to the promoter region of the biosynthetic gene for that antibiotic. This binding 
results in either an increase or decrease in the expression levels of the biosynthetic gene, 
which in turn either boost or hamper the production of the antibiotic. Manipulation of 
regulatory genes has proven to be rewarding in achieving increased production of the 
desired products (73). Pathway-specific regulators are often controlled by higher-level 
regulators, called global regulators, that coordinate many metabolic activities. Manipula- 
tion of global regulators can be very fruitful, although their identification and the under- 
standing of their functions is a time-consuming and labor-intensive task. Tatarko and 
Romeo (74) engineered a high phenylalanine-producing E. coli strain by disrupting the 
global regulatory gene csrA. Disruption of this gene enhanced gluconeogenesis and de- 
creased glycolysis, which in turn resulted in increased accumulation of phosphoenoyl- 
pyruvate, one of the two starting molecules for phenylalanine biosynthesis. 

3.4.4. Perturbing Central Metabolism 

Central metabolism provides primary metabolites and energy to support the survival 
of microorganisms. In addition, central metabolism, under special growth conditions, 
contributes a small fraction of primary metabolites to pathways that produce secondary 
metabolites such as antibiotics. Perturbing central metabolism is complicated. Compli- 
cations may arise from situations in which (1) disturbing the balance of metabolic 
activities is detrimental to the host or (2) the host is resistant to unnatural alternations 
imposed on it. 

Despite these difficulties and complications, manipulation of central metabolism 
has proven to be rewarding. Butler et al. (75) engineered a superior actinorhodin-pro- 
ducing strain by deleting the genes responsible for either of the first two steps in the 
pentose phosphate pathway. Peters- Wendisch et al. (76) constructed a lysine-overpro- 
ducing strain by expressing the pyc gene encoding pyruvate carboxylase at high levels. 
Apparently, overexpression of the gene increased the availability of oxaloacetate, the 
precursor for the starting material, aspartate, of the lysine pathway. Increased avail- 
ability of oxaloacetate in turn enhanced lysine production. 

3.4.5. Removing Competing Pathways 

Competing pathways utilize the precursor or intermediate of the desired pathway. 
Two approaches may be used to remove competing pathways: (1) deletion of the entire 
competing pathway or (2) knocking out the function of the first gene of the competing 
pathway. Many antibiotic producers accumulate several compounds structurally related 
to the antibiotic of interest. Because these compounds do not usually possess useful 
biological activity, their synthesis is considered a waste of cellular energy, precursors, 
and intermediates. In addition, the presence of these compounds may complicate down- 
stream purification. In this case, knocking out the pathways leading to the synthesis of 
the unwanted derivatives would simplify downstream processing and, more impor- 
tantly, would redirect the precursor or intermediates toward the synthesis of the desired 




38 



Han 



product. Backman et al. (77) engineered an elegant system in which tyrosine synthesis, 
competing for the common intermediate used for phenylalanine production, is inter- 
rupted during the phenylalanine production phase. 

3.4.6. Enhancing Product Transport 

Enhancing product transport across the cytoplasmic membrane is another commonly 
used approach. Most microorganisms producing metabolites of commercial interest 
have means of transporting the products across the membrane. Reinscheid et al. (78) 
showed that the intracellular concentration of threonine in C. glutamicum is propor- 
tional to the copy number of the deregulated threonine pathway genes and extracellular 
concentrations of the same amino acid remained unchanged, indicating the importance 
of optimizing export machinery. Existence of an active transport system in C. 
glutamicum involved in lysine secretion was identified through cloning and character- 
ization of the lysE gene (79). The lysE knockout mutant lost the ability to secrete lysine, 
and the /yi’E'-overexpressed mutant was able to export the amino acid at an accelerated 
rate, thereby increasing extracellular lysine concentration. 

3.5. Genomic Approaches 

New technologies and novel approaches are revolutionizing the way microorgan- 
isms are engineered. Rapid advancements in sequencing technologies make it possible 
to unlock the genetic code of a target organism in a relatively short period of time. This 
wealth of information offers clues to the genes directly involved in the synthesis of the 
product of commercial interest. The information also provides insight into the meta- 
bolic potential of the organism, such as pathways supplying precursors or cofactors 
necessary for the production of the metabolite of interest, pathways competing for valu- 
able precursors or intermediates, and global regulatory networks that may control 
metabolite production. 

Genomic information is beginning to modernize the engineering of recombinant 
microorganisms. Ohnishi et al. (80) reported on the genetic engineering of a hyper- 
lysine-producing strain of C. glutamicum. The group identified the mutations carried by 
the lysine-producing strain derived from the conventional mutagenesis and random 
screening approach through comparative genomic analysis of the C. glutamicum wild- 
type strain and the lysine-producing strain. Introducing the mutations into the wild-type 
strain produced a mutant that was better than the classically derived lysine-producing 
strain in both lysine production and growth. 

4. Applications of GMM-Derived Products 

4. 1. Human Health 

4.1.1. Recombinant Therapeutic Proteins 

Several proteins, such as insulin, interferons (IFNs), and interleukins, are now pro- 
duced by GMMs for therapeutic use. The traditional method of supplying these pro- 
teins to patients requires purification of the proteins from cells, tissues, or organs of 
humans, cows, or pigs. Because it was impractical to treat diabetes with human insulin 
from cadaver sources, cow and pig insulin, which are somewhat different from human 
insulin, were substituted (81). The problems with obtaining the proteins directly from 
animal sources included the limited supply and potential immunological responses (81). 
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Limited supply translates into higher cost for the medication. Further concerns arose 
that therapeutic proteins of animal origin may be contaminated with viruses or other 
toxic substances (81). 

These problems can sometimes be avoided by producing the proteins in microorgan- 
isms. Human insulin, the first recombinant therapeutic protein approved by the Food 
and Drug Administration (FDA) in 1982, was produced by genetically engineered E. 
coli containing the human insulin genes (81). Human growth hormone, approved by 
the FDA in 1985, was produced by a modified E. coli strain containing the native 
human growth hormone gene (82). Recombinant IFN y, under the trade name 
Actimmune® in North America or Imukin® in Europe, was jointly developed by 
Genentech and Boehringer Ingelheim (83). 

The gene encoding IFN y was introduced into E. coli under the control of the tryp- 
tophan promoter and operator cassette. Therefore, IFN y production is repressed in the 
presence of tryptophan in the medium during the first phase of fermentation and 
becomes derepressed when a tryptophan analog is added to the medium during the 
second phase of fermentation (83). With this system, recombinant IFN y production is 
regulated to ensure adequate accumulation of cell mass before production begins. Other 
examples of recombinant therapeutic proteins, such as IFN a-2a (84), IFN p-lb (85), 
and granulocyte-macrophage colony-stimulating factor (86), are also produced using 
recombinant E. coli strains as production factories. Production of these therapeutic 
proteins in a fast-growing and easily manipulated organism ensures sufficient supply, 
free of contamination, reduced cost, and safe and consistent production. 

4.1.2. Recombinant Vaccine 

Hepatitis B is a serious disease caused by hepatitis B virus that attacks the liver. The 
first vaccine against hepatitis B was prepared with the purified hepatitis B surface antigen 
(HBsAg) extracted from blood samples of infected individuals (87). This process is un- 
safe because of the risk in handling the infectious agent and expensive because of the 
required animal testing. In addition, the vaccine may be contaminated with other infec- 
tious agents. The second generation of hepatitis B vaccine was produced by expressing 
the gene coding for hepatitis B surface antigen in Saccharomyces cerevisiae (87), com- 
mon baker’s yeast. The recombinant vaccine, under the trade name Engerix®-B, is iden- 
tical to the first-generation hepatitis B vaccine and is produced safely, consistently, and 
economically. 

4.2. Animal Health 

4.2.1. Recombinant Proteins 

Proteins benefiting animal health are also produced by recombinant microorgan- 
isms. Bovine somatotropin (bST), a natural protein hormone produced in the pituitary 
glands of cattle, regulates both animal growth and milk production in lactating dairy 
cows. Injection of pituitary extracts into lactating cows boosts milk production; how- 
ever, pituitary glands from as many as 25 cows are needed to provide sufficient bST to 
supplement 1 cow for 1 day (http://www.monsantodairy.com/about/history). 

To increase bST production for commercial use, the gene encoding bST was 
expressed in E. coli. The recombinant bST was approved by the FDA in 1994 and is 
marketed under the trade name Posilac'^^. The recombinant protein has the same chemi- 
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cal structure and biological activity as the native bST (88). Studies showed that lactat- 
ing dairy cows supplemented with recombinant bST produced 10-15% more milk. The 
same method has since been applied to produce a variety of animal growth hormones 
for other animals, including sheep, pig, buffalo, and goat for both meat and milk pro- 
duction (89). 

Another protein produced by a GMM and used to benefit animal health is phytase. 
Phytase catalyzes the release of phosphate from phytate, the primary storage form of 
phosphorus in plants (90). The enzyme is present in ruminants, but is absent or nearly 
absent in nonruminants such as poultry and swine. Therefore, nonruminants are unable 
to obtain phosphate, an essential nutrient, from phytate present in the feed of plant 
sources. The lack of phosphate can be corrected by supplementing rock phosphate in 
animal feed. However, this method generates excessive amounts of released phosphate, 
both from the phosphate supplement and from the unused phytate, which is excreted in 
the animal’s manure (91 ). Excessive amounts of phosphate released to the environment 
contribute significantly to water pollution (90,92). 

One solution to the problem is to supplement phytase in animal feed if the enzyme 
can be produced economically. To achieve this goal, the gene encoding phytase was 
isolated from its natural host, Aspergillus tiiger, and placed under the control of the 
constitutively expressed glucoamylase gene promoter for high-level expression (93). 
The recombinant gene cassette was introduced into an industrial strain of A. niger for 
phytase production and was found to integrate randomly at multiple locations in the 
host genome. With this system, phytase is produced in large quantities and is suitable 
for commercial application. Studies have shown that use of the recombinant phytase 
reduces the phosphate level in the feed by 20%. In addition, the level of phosphate in 
manure is reduced by 25-30% (93). 

4.2.2. Recombinant Vaccine to Eradicate Rabies 

Rabies, a viral disease encountered by humans and other mammals, leads to more 
than 35,000 human deaths and several million animal deaths worldwide every year 
(94,95). The rabies virus reservoir is primarily in wild animals, including fox, skunks, 
raccoons, wolves, mongooses, and raccoon-dogs. Humans normally become infected 
with the virus through bites from infected animals. Upon exposure to the virus, the 
current method to prevent development of rabies in humans and domestic animals is to 
inoculate with rabies vaccine prepared from an attenuated strain of rabies virus. This is 
normally in addition to treatment using antirabies y-globulin. However, this method is 
impractical to eradicate rabies in wild animals. 

A safe and cost-effective method to achieve vaccine production was through the 
development of a recombinant vaccinia virus expressing the glycoprotein G of rabies 
virus (95 ). The recombinant virus is amplified in animal cells for preparation of vaccine 
suspensions, which are placed in animal baits for release into the wild. The recombinant 
vaccine is currently used in eradication programs in Europe and North America (94). 

4.3. Textile Industry 

Microbial enzymes have been used in the textile industry since the early 1900s. To 
commercialize the enzymes, they must be produced at high levels. Conventional methods 
to enhance production include optimizing medium composition, growth conditions, and 
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the fermentation process (67). Random mutagenesis and screening commonly is used to 
achieve high yields. Genetic engineering offers a possibility in which high-level enzyme 
production is achieved in a heterologous host to overcome the limitations of the natural 
producing organism. Two examples are a-amylase of Bacillus stearothermophilus (96) 
and cellulase of the alkaliphilic Bacillus BCE103 (97). Amylases have been used for 
many years to remove starch sizes from fabrics, known as desizing. Originally, amylases 
from plant or animal sources were used. Later, they were replaced by amylases of bacte- 
rial origin. 

The first bacterial enzyme for desizing was a-amylase from Bacillus subtilis, which 
was commercialized in the early 1950s (96). A novel a-amylase naturally produced by B. 
stearothermophilus is heat stable and is active over a broad pH range (96). These charac- 
teristics make this new a-amylase an attractive alternative. However, the new a-amylase 
is produced at low levels by its natural producing organism. To increase the production 
of this new enzyme for commercial use, the gene encoding the enzyme was cloned 
into a heterologous host. Bacillus licheniformis (96). 

Cellulases prevent and remove fuzz and pills and provide color brightening of cel- 
lulose-based fabrics such as cotton. A novel cellulase, active under alkaline detergent 
conditions, is an attractive alternative (97). It is also produced in low levels by its 
native producing organism, an extremophile, because of poor growth. The gene en- 
coding the cellulase was cloned into a heterologous host, B. subtilis, for high-level 
expression and enzyme production. In both cases, the desired enzymes were pro- 
duced efficiently from heterologous hosts during fermentation. In addition, the 
enzymes are secreted directly into the culture media, which simplifies the recovery of 
the respective enzymes. 

4-4. Food Industry 

Enzymes manufactured by GMMs have been used in the food industry for more than 
15 years (98). Well-known examples include the use of chymosin for cheese making 
and pectinases for fruit and beverage processing. Traditionally, cheese making requires 
chymosin-containing rennet from calf stomachs to provide the essential proteolytic 
activity for coagulation of milk proteins (93). However, chymosin preparations could 
have animal sources of contaminants. 

In the early 1980s, Gist-brocades began investigating the possibility of producing 
chymosin from a microorganism using the genetic engineering approach (93 ). The gene 
encoding calf stomach chymosin was cloned and expressed in an industrial strain of 
Kluyveromyces lactis, a yeast that had been used for many years in the safe production 
of food ingredients. To facilitate prochymosin secretion into the culture medium for 
recovery, the yeast a-factor leader sequence was used. This system efficiently secreted 
prochymosin into the culture medium along with very few endogenous proteins. On 
fermentation, prochymosin is converted into active chymosin via a simple autolysis 
step, followed by recovery of the final product. Chymosin produced through this 
genetically engineered yeast strain has the same chemical and biological properties as 
that from calf rennet. The chymosin preparation, registered under the brand-name 
Maxiren®, has been commercially produced since 1988. 

Production of pectinases via the genetic engineering approach focuses on economic 
enzyme production, enhanced enzyme purity, and environmentally friendly production 
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processes (98). Total pectin methyl esterase I (PME I) from Aspergillus aculeatus rep- 
resents less than 1% of the total cellular protein (99).\n addition, this fungus accumu- 
lates a wide range of pectinolytic enzymes in the culture, making it difficult to acquire 
pure PME \ (99). These features make the natural producing organism less than ideal 
for commercial production of PME I. 

The limitations were overcome by expressing the full-length cDNA (complemen- 
tary DNA) encoding the enzyme in a heterologous host, A. oryzae (99). The recombi- 
nant PME I represented 20-30% of the total cellular protein and was secreted directly 
into the culture medium for simplified purification. Complete pectin degradation was 
achieved by recombinant PME I in the presence of polygalacturonases (99). 

Complete degradation of pectin, a natural substance found in all fruits, is important 
for the beverage industry. The reason is that complete degradation of pectin increases 
juice extraction from fruits, enhances juice clarification, and helps the filtration step of 
the process (98). Several enzyme preparations made by GMMs are currently used in 
the beverage industry. NovoShape'^^, containing a pure pectinesterase, helps retain the 
original shape and structure of individual fruit pieces during processing and thereby 
offers a finished product that is more appealing (http://www.novozymes.com). 
Pectinex® SMASH, containing a variety of different pectinases, is used for treating 
apple and pear mash for higher yield and capacity (http://www.novozymes.com). 

4 . 5 . Diagnostic Toois 

Acquired immunodeficiency syndrome (AIDS) immunological tests are used for 
diagnosing the disease and for testing donated blood samples. The first generation of 
AIDS tests, commercialized in 1985, was based on inactivated human immunodefi- 
ciency virus (HIV) grown in tissue culture (100). This production method is both 
expensive and, more importantly, hazardous because of the risk from handling the in- 
fectious agent. Further, this first-generation AIDS test was subject to false-positive 
reactions because of the cellular debris from virus-producing human cells. These prob- 
lems were overcome by cloning the gene encoding the relevant antigenic coat protein 
of the virus into E. coli for large-scale production of the protein (100). 

Other diagnostic tests that have been developed using GMMs include one for diag- 
nosing Alzheimer’s disease. Noninvasive diagnosis of Alzheimer’s disease was not 
possible until the development of an enzyme-linked immunosorbent assay kit in the 
mid-1990s (101). The test kit, marketed under the trade name INNOTEST hTAU 
Antigen and used for the detection of tau proteins in human cerebrospinal fluid, is 
based on an Alzheimer’s antigen produced by a modified E. coli. 

4.6. Biodegradabie Piastics 

Conventionally, plastics polymers are made via petroleum-based processes. Because 
of the growing concerns over the environmental impact of petroleum-derived poly- 
mers, alternative methods to synthesize the polymers are under investigation. Many 
microorganisms naturally produce polyhydroxyalkanoates (PHAs) in the form of gran- 
ules that the organisms use as an energy storage material (102). PHAs are genuine 
polyester thermoplastics with properties similar to the petroleum-derived polymers. In 
addition, PHAs are degradable by depolymerase, an enzyme family widely distributed 
among bacteria and fungi (103). These characteristics make PHAs an attractive 
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replacement for the petroleum-based polymers. However, the microorganisms that 
naturally produce PHAs are not necessarily suitable for commercial PHA production, 
mostly because of slow growth and low yields. 

PHA accumulation is achieved in E. coli, a microbe lacking PHA biosynthetic 
machinery, after receiving the PHA pathway genes through transformation. The ad- 
vantages of producing PHAs in E. coli are (1) the organism is robust in growth; (2) the 
organism’s metabolism is well characterized; and (3) the organism lacks PHA depoly- 
merase, the enzyme that degrades PHAs. In 2002, Metabolix (Cambridge, MA; http:// 
www.metabolix.com) demonstrated high-yield, commercial-scale manufacture of 
PHAs using E. coli as a host. 

5. Applications of GMMs 

5. 1. Agriculture 

5.1.1. Biological Control of Frost Injury in Plants 

Frost damage is a major agricultural problem affecting many annual crops, decidu- 
ous fruit trees, and subtropical plants. In the United States alone, annual losses because 
of plant frost injury can reach over $1 billion (104). In addition to the losses caused by 
frost injury, hundreds of millions of dollars are spent every year to reduce plant frost 
injury mechanically. These methods are both costly and ineffective (104). 

Frost damage is initiated by bacteria belonging to the genera Pseudomonas, 
Xanthomonas, and Erwinia, collectively called ice-nucleating bacteria (105). The bac- 
teria, living on the surface of the plants, possess a membrane protein that acts as an ice 
nucleus for initiation of ice crystal formation (105). Ice crystals disrupt plant cell mem- 
branes, thus causing cell damage. The biological route of controlling the nucleating 
bacteria is through seed or foliar applications of non-ice-nucleating bacteria to 
outcompete ice-nucleating bacteria (106). The non-ice-nucleating bacteria were iso- 
lated by treating the ice-nucleating bacteria with chemical mutagens (107). 

One disadvantage of the chemically induced mutants is that they often harbor mul- 
tiple mutations that may adversely impact their genetic stability and ecological fitness. 
To avoid multiple mutations, ice-nucleation-deficient mutants of Pseudomonas 
syringae were constructed by deleting the genes conferring ice nucleation (108). These 
genetically engineered mutants were able to compete successfully with ice-nucleating 
P. syringae for the colonization of plant leaf surfaces. Field tests showed that plants 
treated with ice-nucleation-deficient P. syringae suffered significantly less frost dam- 
age than the untreated control plants (109). 

5.1.2. Biological Control of Insect Pests 

Bt, a naturally occurring soil-bome bacterium, produces unique crystal-like proteins 
that have larvicidal activities against different insect species and pose no harm to mam- 
mals, birds, or fish (110). The crystal-like proteins bind to specific receptors on the 
intestinal lining of susceptible insects, causing the cells to rupture. Because of these 
unique features, Bt has been used as a safe alternative to chemical pesticides for several 
decades (111). However, natural Br-based products do possess some shortcomings, in- 
cluding instability in the natural environment, narrow host range, need for multiple ap- 
plications, and difficulty in reaching the crop’s internal regions where larvae feed (111). 
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One way to overcome these problems is to use plant-associated bacteria as hosts for 
delivering the toxins. Bt toxin genes have been introduced successfully into several 
plant-associated bacteria, including Clavibacter xyli subsp cynodontis (112) and 
Ancylobacter aquaticus (113). Genetically modified C. xyli subsp cynodontis contain- 
ing the Bt toxin gene integrated into the chromosome showed moderate control of 
European com borer (112). The modified^, aquaticus strain expressing toxin genes, 
introduced by electroporation, exhibited significant toxicity toward mosquito larvae, 
thus demonstrating its potential in mosquito control (113). 

5.1.3. Biological Control of Plant Disease 

Plant pathogens, including fungi and bacteria, damage crops and thereby reduce 
crop yield. Plant diseases are conventionally fought with chemicals, a strategy that is 
expensive, inconvenient, potentially environmentally unfriendly, and sometimes inef- 
fective. An alternative method is to develop biological control agents in which micro- 
organisms are modified to deliver the desired chemicals. 

Agrobacterium tumefaciens causes crown gall disease in a wide range of broad- 
leaved plants by transferring part of its DNA (T-DNA), located on a large tumor-induc- 
ing (Ti) plasmid, into the plant cell (114). Upon integration of T-DNA into the plant 
host’s chromosome, the genes on T-DNA are expressed, resulting in overproduction of 
plant growth hormones and opines (115). Overproduction of plant growth hormones 
causes cancerous growth, whereas opines are believed to serve as nutrients for the 
bacterium. Agrobacterium radiobacter K84 produces a bacteriocin, agrocin 84, to 
which pathogenic A. tumefaciens strains are susceptible (116). In addition, K84 com- 
petes for the nutrients on which the pathogen thrives. Therefore, A. radiobacter K84 
became the first commercial biological control agent against crown gall disease. 

One potential problem that threatens the continued success of this biological control 
agent is that the genes responsible for agrocin 84 production and resistance are located 
on a plasmid harbored by K84 (115). Horizontal transfer of the plasmid from K84 to 
pathogenic A. tumefaciens allows the pathogen to acquire resistance against the toxic 
effect of agrocin 84 and therefore survive in the presence of K84. To prevent plasmid 
transfer, part of the transfer region was deleted from the plasmid. The genetically modi- 
fied strain was as effective as the nonmodified K84 strain in preventing crown gall 
disease and was commercialized for use in Australia in 1989 (115,117). 

Other plant disease control methods using GMMs include (1) overproduction of 
oomycin A(118)\ (2) synthesis of phenazine-1 -carboxylic acid in a heterologous host 
(119)’, and (3) heterologous expression of a lytic enzyme gene (120). 

5.1.4. Soil Improvements 

Genetic modifications to improve soil fertility have also been developed. Medicago 
sativa (alfalfa), grown in soils with a high nitrogen concentration, has been shown to 
undergo better root nodulation when exposed to a genetically modified Sinorhizobium 
(Rhizobium) meliloti expressing the Klebsiella pneumonia nifA gene than plants in the 
same environment exposed to wild-type S. meliloti (121). Another study showed that 
the recombinant S. meliloti significantly increased plant biomass when compared to 
the wild-type strain (122). 




GMM Development and Applications 



45 



5.2. Bioremediation 

Bioremediation refers to the utilization of biological systems to detoxify environ- 
ments contaminated with heavy metals such as mercury and lead, organic compounds 
such as petroleum hydrocarbons, radionuclides such as plutonium and uranium, and 
other compounds, including explosives, pesticides, and plastics (123). The first field 
release of a GMM for bioremediation was Pseudomonas fluorescens HK44 for naph- 
thalene degradation (124). Strain HK44 was derived from P .fluorescens isolated from 
a site heavily contaminated with polyaromatic hydrocarbons. HK44 contains a plasmid 
capable of naphthalene catabolism. In addition, this genetically modified strain harbors 
a bioluminescence-producing reporter gene (lux) fused with the promoter that controls 
the naphthalene catabolic genes. Therefore, in the presence of naphthalene, the naph- 
thalene genes are expressed, resulting in naphthalene degradation and emission of lu- 
minescence from the recombinant strain. The presence of the reporter system facilitates 
real-time monitoring of the bioremediation processes. 

Despite the success, bioremediation based on GMMs is still limited to academic 
research. Commercial remediation currently relies on naturally occurring microbes 
identified at the contaminated sites. There are many issues surrounding the application 
of GMMs for use in bioremediation, including (1) their effectiveness compared with 
their counterparts present in nature; (2) their influence on indigenous microorganisms; 
(3) their fitness in nature; and (4) their containment. Until these issues are clarified, the 
future use of GMMs in bioremediation will remain uncertain. 

6. Conclusion 

GMMs have been developed to benefit human health, agriculture and the environ- 
ment. Advances in functional genomics and bioinformatics tools, combined with exist- 
ing recombinant DNA technologies, will help us better understand the physiology and 
metabolic potential of the organisms we study, and in turn, will lead to the develop- 
ment of GMMs best suited to our needs. In addition, functional genomics and 
bioinformatics can be applied for risk analysis of GMMs. A comprehensive safety 
assessment of GMMs is important both in addressing public concerns and in ensuring 
faster industrial applications of GMMs. 
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1. Introduction 

Adoption of genetically modified crops in agriculture occurred very rapidly. The 
first US regulatory approval for an insect-resistant crop came in 1995 for potatoes 
modified to express a resistance gene targeting the Colorado potato beetle, followed in 
1996 by approvals for com modified to resist European corn borer and cotton modified 
to resist budworms and bollworms ( 1 ). Soybeans modified to tolerate the herbicide 
glyphosate likewise made their first domestic impact in 1996 ( 2 ). Thereafter, a 25 -fold 
increase in hectares planted to genetically modified crops occurred globally between 
1996 and 2000. 

James suggested that the adoption rate for these genetically modified crops is 
unprecedented, exceeding that of any prior technology innovation in agriculture ( 2 ), 
According to figures tabulated for 2000, there were 15 countries that participated in 
this agricultural revolution, with plantings in the United States, Argentina, Canada, 
and China accounting for most of the acreage. Dominant crops were soybean, com, 
cotton, and canola, with an estimated 58% of the global soybean crop planted to geneti- 
cally modified seed, 23% of com, and 12 and 7% of cotton and canola, respectively. 
Crops modified to exhibit herbicide tolerance and insect resistance led the way during 
this initial wave of tmly commercially viable genetically enhanced crops. The esti- 
mated global value of all genetically enhanced crops in 2000 exceeded $3 billion ( 2 ). 

These crops contain genes inserted with tools of modem molecular biology. This 
unprecedented acceptance of a technology signified the successful convergence of sev- 
eral disciplines of basic science with the practice of large-scale agriculture, governmen- 
tal regulation, and public perception. The focus of this chapter is on protein test 
substances necessary for safety evaluation, so it might be expected to focus on protein 
standards for crops expressing herbicide tolerance (HT). This is because the largest 
single application for genetically modified plant technology is herbicide-tolerant soy- 
beans, which control 59% of all hectares planted to genetically enhanced crops ( 2 ). 
However, the history of this successful convergence in plant biotechnology was crafted 
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by decades of prior science, regulation, and commercial-scale practice of biological 
pest control, particularly with respect to bioinsecticides derived from the soil bacterium 
Bacillus thuringiensis {Bt). Genes derived from represent the dominant insect control 
transgene in genetically enhanced crops today (3), and decades of safe use of this class 
of proteins in agriculture provided a unique opportunity to examine health, safety, and 
environmental attributes. Moreover, the regulatory framework created to enable safe 
and successful use of native and genetically modified microbial Bt products served to 
guide the process developed to evaluate current genetically enhanced crops (4). 

This chapter covers methodologies to produce protein test substances used to evalu- 
ate the safety of genetically modified products in agriculture. At the onset, it should be 
appreciated that the actual production methodologies employed on registered products 
usually are difficult to obtain. Much of the primary literature resides in documents 
submitted to regulatory agencies; only some of this literature is readily accessible to 
the public. One notable exception is the methodology behind production of cry3 pro- 
tein at the 1000-L scale (5). Summaries of the methods used to produce test substances 
for domestic products are available in the supplemental registration material published 
on the biopesticide Web site of the US Environmental Protection Agency (EPA) (http:/ 
/www. epa.gov/pesticides/biopesticides/ingredients/index.htm). This chapter provides 
a synthesis of the historical rationale behind the types of protein test substances used 
by registrants to date and provides illustrations of applicable methodologies for com- 
monly encountered proteins expressed in genetically modified microbial and plant 
products. 

The EPA refers to pesticidal genes and proteins in genetically enhanced crops as 
plant-incorporated protectants (PIPs). It is important to understand the genesis of cur- 
rent PIP regulations because history plays a significant role in the nature of test sub- 
stances used to examine toxicology and environmental effects of PIP proteins. The 
current state of regulating PIPs began under the framework first initiated by the EPA to 
enable a regulatory path for Bt insecticides derived from bacterial strains. 

In the 1960s, these products were registered on a case-by-case review involving the 
US Department of Agriculture and the Food and Drug Administration (FDA) (6). Be- 
ginning in 1974, the EPA began sponsoring scientific interchanges seeking input on 
safety concerns for microbial pesticides (7). This pathway was formalized in the 1980s 
by publication of guidelines for registrants seeking to develop microbial or biochemi- 
cally based pesticides (Subdivision M, initially published in 1983 [8]). The regulatory 
guidelines were aimed at natural strains of microorganisms and indicated a case-by- 
case evaluation of genetically altered microorganisms. 

Products based on heterologous expression of Bt toxin genes in non-Bacillus bacte- 
rial strains continued to be developed throughout the 1980s, and expanded microbial 
guidelines were subsequently published in 1989. The first proposed rules for plant pes- 
ticides were published by the EPA in 1994 and were based partly on principles devel- 
oped during the 30 years of experience with the microbial products (4,9). The proposed 
rules for plant pesticides were subsequently finalized in 2001 {Federal Register 40 
CFR Parts 152 and 174). 

Thus, current requirements for test substances used in toxicology and environmental 
fate testing of genetically modified crops have their origins in this historical pathway, 
beginning with sprayable Bt biopesticides. In fact, technology enabling efficient large- 
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scale production of Bt toxins by fermentation continues to play a significant role in 
successful registrations of Bf-expressing plants because of the concept of equivalency 
{see Section 4.1). 

This chapter outlines the historical framework of Bt regulation, first to explain the 
practices used to create test substances for proteins expressed in genetically modified 
microbial biopesticides, then to bridge those practices to protein test substances for 
genetically modified crops. Next, it examines practices and options for large-scale pro- 
tein production for insect control proteins and herbicide tolerance proteins. Last, it 
examines potential opportunities and future challenges in production of supporting test 
substances for the next generation of commercial plants enhanced by genetic tech- 
niques (output traits, industrial products, therapeutics). 

2. Overview of Microbial Pesticides and Plant-Incorporated Protectants 

The natural antagonistic propensity of one organism toward another has no doubt 
shaped the course of human history. Population density was able to increase above that 
which could be sustained by the native flora and fauna because humankind domesti- 
cated animal and plant species. In the process of selecting beneficial domesticated crop 
traits, restriction of genetic diversity could tip the balance of pathogen vs crop strongly 
in favor of the pathogen. Localized epidemics, such as the Irish potato blight of 1845, 
not only can reshape local populations, but also can lead to a dramatic transoceanic 
emigration. Such disruptions to the balance of nature illustrate the devastating impact 
natural pathogenic relationships can have at their extreme. However, the norm between 
a pathogen and its target tends more toward a standoff, without either gaining defini- 
tive advantage. Scientists have long wished to understand these host-pathogen rela- 
tionships in hopes of harnessing for beneficial purposes the power and specificity often 
exemplified in the disease cycle. 

2.1. Historical Overview of Biological Pest Control 

Debach and Rosen produced a thorough review of the history of biological control 
(10). They documented practices of biological control spanning centuries and provided 
a detailed view of developments over the past 400 years that resulted in elaboration of 
the scientific foundations of biological control. They defined biological control as a 
specialized part of the more encompassing concept of natural control, by which natural 
control constitutes the regulation of populations within some upper and lower limits 
over extended periods of time. Natural control is effected by both biotic and abiotic 
factors. Biological control focuses on the use of a natural enemy to regulate the popu- 
lation density of another organism at a level lower than it would otherwise tend to 
exist. This often is accomplished by focused importation of natural enemies from vastly 
different geographies. 

The successful deployment of natural agents to protect or benefit humankind stands 
as a tribute to the incredible observational powers of early naturalists and scientists. 
Illustrations from history can be found in protection of livestock, plants, and even hu- 
mans ( 10). For instance, the use of spiders for pest control can be documented in China 
over 2000 years ago, and there are even earlier allusions to analogous practices in 
several civilizations. Diseases of the silkworm were studied in Europe, Japan, and China 
prior to and during the Renaissance. Work by Bassi, Pasteur, Metchnikoff, and LeConte 
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in the 1800s is considered the foundational footing of modern biocontrol. Their work 
established clear cause-and-effect relationships in pathogenesis and began the docu- 
mentation of principles of disease transmission. LeConte is credited with initially pro- 
posing the concept of microbially based biocontrol in August 1873 at a meeting of the 
American Association for the Advancement of Science. 

Only a few natural enemies can meet both the challenging biological constraints 
necessary for effective pest management and the practical constraints necessary for 
sustaining a biocontrol agent as a viable commercial product (for example, the ability 
to produce consistent product at an appropriate scale and price). One such agent with 
relevant attributes is the bacterium Bt. In fact, Bt is the most widely utilized biocontrol 
agent worldwide (1). The history of development of this organism spans a century (77), 
and it played a central role in several significant technological and regulatory advances, 
first in the field of industrial microbiology and ultimately in the field of plant biotech- 
nology. As such, Bt is a good case study of the intersection of science, industry, regu- 
lation, and society. 

2.2. Biological Control Based on Bacillus thuringiensis 

Bacillus thuringiensis is a Gram-positive, spore-forming bacterium found in soil 
and other environmental habitats. Members of the species often display an entomo- 
pathogenic phenotype (12-14), but the genus Bacillus also is used widely as a source 
of industrial enzymes and other fermentation-derived biochemicals (75). Initial obser- 
vations of the insecticidal properties of Bacillus date to 1901 and 191 1. An insect patho- 
genic bacillus was isolated by the German scientist Ernst Berliner in 1911. The isolate 
was found in Thuringia, Germany, so the species was named S. thuringiensis Berliner. 
However, in 1901, the Japanese scientist Sigetane Ishiwata had isolated a similar Ba- 
cillus infecting silkworm. He named it using a Japanese term describing the rapid death 
observed in the larvae, “sotto,” yielding the binomial Bacillus sotto. Only much later 
was this earlier discovery recognized, largely because of language barriers. A fascinat- 
ing review of over 100 years of history in Bt research and development was published 
by Yamamoto (77). 

Strains of Bt are characterized by production of spores and of insoluble parasporal 
proteins that condense in the cell as a crystalline protein complex (12,13). These crys- 
tals can account for as much as 25% of the dry weight of a sporulated culture (75). The 
genes responsible for production of the crystalline proteins are referred to as cry genes 
(= crystalline). To date, there are 40 distinct classes of cry genes (reviewed in ref. 16 
and updated at the Bt nomenclature Web site http://www.biols.susx.ac.uk/home/ 
Neil_Crickmore/Bt/). 

The pathogenic armory of Bt extends well beyond the spore and cry proteins. In 
1967, Heimpel (72) grouped the known Bt toxins according to their location in relation 
to the cell (endotoxins or exotoxins) and afforded groups a sequential Greek letter 
designation (a to 8). Exotoxins were secreted into the culture medium. a-Exotoxin was 
identified as lecithinase C or phospholipase. (5-Exotoxin was identified as a thermo- 
stable small molecule with extremely high potency toward flies. y-Exotoxin was an 
unidentified protein component with debatable insect toxic potential. 5-Endotoxins 
were the parasporal crystalline proteins, otherwise known as insecticidal crystal pro- 
teins (ICPs). The 5-endotoxins and fJ-exotoxins ultimately emerged to receive the ma- 
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jority of attention. Subsequently, Bt has been shown to produce two other classes of 
insecticidal proteins that can be isolated from early growth stage supernatant (17,18). 
The landmark activity setting the stage for the ultimate exploitation of Bt occurred in 
1981 when Schnepf and Whiteley first cloned and functionally expressed a Bt endo- 
toxin gene in a heterologus system (19). 

The entomopathogenic bacilli have played prominent roles in industry and in the regu- 
latory aspects of biological pesticides. Projects in at least six countries attempted to 
exploit Bacillus strains for control of insects prior to the 1960s. Bt was the first biocontrol 
organism produced by fermentation on a large scale (1950s) and was the earliest biologi- 
cal pesticide with the potential for broad utility to receive US regulatory approval (1960- 
1961) (6,11 ). In 1977, a strain with a novel, nonlepidopteran host range was first isolated. 
B. thuringiensis subsp israelensis remains one of the more effective and potent agents 
for the control of mosquitoes and blackflies (14) and represents the point in history at 
which the potential for broad- spectrum insect control by Bt was first realized. 

In the 1980s, Bt crystalline protein genes were first cloned and functionally expressed 
(79), thus allowing Bt to become a central player in the emerging field of plant biotech- 
nology (20,21 ). In the 1990s and beyond, genetic engineering with Bt genes resulted in 
the first US EPA approval for a genetically engineered microbial pesticide under the 
Federal Insecticide, Fungicide, and Rodenticide Act (22) and the first US EPA approval 
for a genetically engineered plant expressing a pesticidal gene (1). 

The last half of the decade of the 1990s witnessed broad adoption of Br-expressing 
commercial crops. In 1999 and 2000, Bt became, respectively, the subject of intense 
scientific and public debate on nontarget effects of crylAb on the Monarch butterfly 
and on prediction of allergenic potential and risk assessment with the development of 
corn transformed with a novel cry9 gene (3). 

Each of these steps has been intimately tied to characterization of the toxicological 
dimensions of Bt and to assessing worker exposure, impact on nontarget organisms, 
and environmental impact. Reliable test substances have been crucial to this examina- 
tion for 50 years (23). 

B. thuringiensis was first introduced into large-scale domestic agriculture in 1961 by 
the commercialization of Thuricide®. This action pre-dated the existence of the US EPA, 
which was not created until 1970 (6). At that time, the active ingredient of Bt was con- 
sidered to be primarily the spores, and the product was thus examined for safety because 
it could be an infective agent. The predominant questions addressed by test substances 
were (1) whether the organism was an acute infective agent and (2) whether the organ- 
ism was distinguishable from a taxonomic relative. Bacillus anthracis (6). Concentrated 
spores were used for both tests. In the next two decades, the significance of the (3- 
exotoxin and 5-endotoxins to both biological potency and mammalian safety became 
clearer, and new test substances were created to document the effects of those compo- 
nents. 

The critical thing to note here is that biopesticide commercialization and the regula- 
tory framework around Bt developed in parallel. New information on mechanisms of 
pathogenicity obtained in the 1960s clarified the nature of the protein endotoxins. They 
were confirmed to be protoxins, thus requiring a proteolytic activation step to convert 
them to the form toxic to the insect (24). They also were shown to be degraded by the 
mammalian gut protease pepsin (6). This mechanistic work not only incited the need to 
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develop protein test substances for toxicology, but also resulted in the earliest promul- 
gation of a testing strategy — endotoxin susceptibility to pepsin — that has resurfaced 
today as central to registration of genetically modified plants producing Bt toxins (4). 

This pattern of parallel development of technology and regulation continued in the 
1970s with the discovery of the mode of action of P-exotoxin. This purine derivative 
was found to inhibit deoxyribonucleic acid (DNA)-dependent ribonucleic acid (RNA) 
polymerase and was shown to be mutagenic to flies (discussed more fully in Section 
3.3). This initiated extensive testing of commercial production strains for the ability 
to produce P-exotoxin and created new regulatory guidelines and toxicology tests. It 
also ended domestic exploratory work on P-exotoxin as a commercial insecticide (6), 

The 1980s were the decade of parallel development of regulations and products in- 
volving numerous genetically modified microbial production strains. The 1990s was the 
decade of parallel development of regulations for products based on genetically modi- 
fied plants expressing the Bt toxins. It was this close relationship of development and 
regulation in the microbial product arena over a 30-year period that set the stage for 
regulatory pathways and testing strategies relevant to genetically modified crops. As the 
example with pepsin digestion shows, concepts elaborated during development of Bt as a 
microbial pesticide often resurface as testing requirements for genetically modified crops. 
It is with this concept in mind that such attention is given to the history and practice of Bt 
biopesticide development in this chapter. Because of the confidential nature of many test 
substances, describing why it is made tends to be easier than describing how it is made. 
However, by understanding the former, one should have a better chance of producing 
appropriate test materials for their subject proteins. 

2.2. 1. Sprayable Native Bt Insecticides 

The 1940s witnessed the emergence of synthetic chemical agents that were eco- 
nomical and more effective than the naturally derived agents in use. Synthetic chemis- 
try came to fruition in areas such as polymers (synthetic rubbers, early plastics, nylon) 
and agricultural chemistry (DDT). Synthetic pesticides were thus primed to replace 
products based on nicotine extracts, rotenone, and various inorganic toxicants. Thus, 
the 1940s represent the start of the boom in agricultural chemicals. At the same time. 
World War II ushered in a tremendous need for fermentation capability to make antibi- 
otics (25). Efforts at strain optimization, advances in large-scale aseptic practices, and 
mechanical improvements in fermentors led to phenomenal gains in productivity for 
antibiotics. 

These advances in industrial microbiology yielded benefits in areas outside that of 
antibiotic production. One beneficiary was the insecticidal bacterium Bt. The develop- 
ment of new fermentation technologies was central to commercialization of microbial 
biopesticides. Although the ultimate trajectories were different, it is interesting to observe 
that fundamental technologies related to large-scale practice of both traditional agrochemi- 
cals and microbial pesticides could be traced to a coincident decade of origin (26). 

Early efforts at commercial use of strains of Bacillus as an insect control agent took 
place in France (1930; Sporeine [3]) and the United States (1948, Doom®, Bacillus 
popilliae; 10). However, these efforts did not make a significant impact on the market. 
Pioneering work in the 1950s by Edward Steinhaus at the University of California, 
Berkeley, is credited with launching the domestic effort that became what is known 
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today as the sprayable Bt product concept (6 J 1,26). Solid-state production in a labora- 
tory setting was used to produce test material that successfully demonstrated the field 
performance of Bt. Furthermore, Steinhaus successfully convinced a fermentation com- 
pany (Pacific Yeast, Wasco, CA) to produce Bt in stirred tanks. This early boutique 
fermentation became the basis of Thuricide biological insecticide, the first truly large- 
scale Bt product. It was registered in 1961 by Bioferm Corporation and subsequently 
ushered in a decade of active pursuit of biological pest control in the form of fermenta- 
tion-derived products based on Bt. 

During the 1960s, broader commercial interest in biocontrol emerged as it became 
clear that Bt had the potential to offer competitive products in certain areas of use. For 
instance, Bt products came to enjoy wide usage to control cabbage looper in cole crops 
in California (26) and as a significant tool to control gypsy moth in forestry applica- 
tions (14). The species was of industrial interest because it was not only potent enough 
for commercial application, but also extremely specific, in contrast to some of the in- 
secticidal chemistries in use during the 1960s. In fact, prior to 1977, the specificity of 
Bt was believed to be limited solely to lepidopteran pests, although now examples are 
available of Bt toxins active on a broad variety of insects, nematodes, flatworms, and 
protozoa (27). This specificity was important because it also was manifested by a very 
favorable toxicity profile with respect to mammals (28). 

The Bt formulations based on native bacterial strains produced in deep-tank fermen- 
tation were the first biopesticide products taken to registration. B. thuringiensis subsp 
kurstaki, one of the earliest production organisms, remains even today one of the most 
widely utilized production hosts for native products (1,26,29). The desire to add new 
genes to a strain to improve the spectrum led to the need to modify production strains 
genetically. Conjugal transfer of cry genes residing on megaplasmids was demonstrated 
(30) and became an important path to products for Ecogen Corporation (26,29). 

Bacterial conjugation as a means of genetic modification did not prompt significant 
new review hurdles for a production strain. However, it suffered several disadvan- 
tages, some of which were addressable by advances in electroporation of Bt strains 
(11). These techniques allowed genetic advances to take place in production strains, 
but did not significantly raise the level of scrutiny for registration because the tech- 
niques were regarded simply to overcome barriers to natural gene transfer (4).\n con- 
trast, as technologies enabled intergenic transfer by recombinant methods, the hurdle 
for regulatory review increased dramatically. The 5 -year delay in field testing of live 
recombinant Ice" strains because of regulatory and public concerns (31) dampened, but 
did not end, recombinant work in Bt directed at commercial products. These intergenic 
recombinant efforts did not yield significant fruit until the late 1980s. 

2.2.2. Recombinant Sprayable Bt Insecticides 

Currently, there are over 200 registered microbial pest control products in the United 
States (http ://www .epa.gov/pesticides/biopesticides/product_lists/ 
microbial_prods_by_ai.pdf). Bt still dominates product usage, accounting for 95% of 
all microbial pesticide products (32). A subset of these products results from use of 
recombinant DNA technology to express Bt genes in a non-Bacillus microbial host. 

In the United States, seven B^-based products are produced by expression of a Bt 
insecticidal gene in Pseudomonas fluorescens in the CellCap® bioencapsulation sys- 
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tern (33,34). The P . fluorescens strain was originally selected to compete successfully 
as an epiphyte and was envisioned for release as a viable, heterologous recombinant 
organism that would propagate on treated leaf surfaces. In light of the regulatory cli- 
mate in the mid-1980s regarding release of viable recombinant organisms, focus shifted 
to development of a novel means of killing the bacterium at the end of the fermentation 
cycle (33). This was successfully accomplished and documented to the satisfaction of 
EPA, resulting in the first registration of a genetically engineered biopesticide (22). 

Work continued on Bt strains modified by recombinant procedures. Such efforts 
included techniques to enable expression of multiple cry genes (29), modification of 
fundamental strain properties such as sporulation dependence of toxin production (35), 
protease production (36), and elimination of p-exotoxin production (37) or diarrheal 
toxin production (38). During the 1990s, the stage was set for exploitation of Bt in a 
variety of heterologous production systems beyond recombinant Bacillus and 
Pseudomonas. 

For example. Bacillus mosquitocidal genes were expressed in cyanobacteria 
(Synechococcus, Anabena, Agmenellum) (39,40) or the aquatic bacterium Caulohacter 
crescentus (41), organisms on which mosquito larvae feed. This was an attempt to 
place the toxin in a more normal component of the larval diet and to overcome the rapid 
settling of the toxin that plagues standard 5^ formulations in an aqueous setting (26,39). 
In addition. Crop Genetics Corporation introduced Bt genes into the monocot endo- 
phyte Clavibacter xyli (42), an organism limited to reproduction in the xylem. The 
product concept involved inoculation of com seed with the recombinant bacterial prod- 
uct (InCide®), which would grow in the xylem of treated plants, express a Bt gene, and 
protect the crop against the European com borer. 

The late 1980s signified the crossroads in Bt biotechnology. Native Bt products were 
clearly performing in market areas. Robust heterologous expression in microbial sys- 
tems was clearly possible on the commercial scale and would enter markets in the 
1990s. Novel expression systems were under development to provide unique delivery 
systems for recombinant biopesticides; by 1987, Bt genes were in early transgenic 
plants (43). Ai this juncture, the concluding comment in Heimpel’s seminal review of 
Bt 20 years earlier (12) had proven quite prophetic: “The future looks bright indeed for 
insect control with Bacillus thuringiensisV 

2.2.3. Other Microbial Biocontrol Agents 

Other bacilli have been developed into commercial products. B. popilliae (Doom, toxic 
against Japanese beetle) has been in use since 1948, but reportedly is no longer regis- 
tered (26). Several Bacillus products are active against dipteran pests, with an emphasis 
on mosquito. These include products based onB. sphaericus (Vectolex®, toxic against 
mosquito larvae) and B. thuringiensis subsp israelenesis (for instance, Vectobac®, 
Teknar®, and Bactimos®, active against mosquitoes and blackflies) (10,26). However, 
these agents do not have a spectmm or use pattern consistent with transgenic crops. In 
New Zealand, a strain of Serratia entomophila, the causal agent of amber disease, is 
registered to control a grub in pasture (Invade®) (26). One new recombinant biopesticide 
product. Messenger® (Eden Bioscience, Bothell, WA), is based on the harpin protein 
derived from Erwinia amylovora (44) and expressed in Escherichia coli (45). 
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3. Test Materials for Microbial Pesticides 

Current guidelines for registration of microbial pesticides are found in the Federal 
Register 40 CFR Parts 158 (for conventional biopesticides) and 172 (for genetically 
altered organisms). A set of testing and protocol guidelines known as Subdivision M 
was published as a companion to 40 CFR Part 158 (8). These regulations and their 
application have been reviewed in detail (9,46-48). These guidelines are quite com- 
plex and have to be coordinated domestically with the Animal and Plant Health Inspec- 
tion Service division of the US Department of Agriculture and with the FDA. The 
guidelines are further harmonized with testing requirements of the European Union 
and the Organization for Economic Cooperation and Development (48). 

To understand test material requirements better, it is useful to examine briefly the 
evolution of these guidelines from their first promulgation in the early 1980s. In 1984, 
the EPA published guidelines to facilitate registration of products based on microbes 
or that had “biochemical” modes of action (pheromones, etc.). Central to their frame- 
work, these guidelines codified the toxicological tests needed for registration in a tiered 
manner. A base set of tests was to be conducted on all candidate products (Tier I tests), 
and a second and third tier of tests was defined in the event any results from Tier I 
required further amplification. With the toxicology tests defined, characteristics of the 
test substances could then be derived (7,47). 

The underlying framework for decision making on test substances follows a tradi- 
tional scale-up metaphor (47). Because the microbial pesticide is a fermentation prod- 
uct, it has a well-defined process to proceed from initial seed culture to full production 
volumes, then through the steps of recovery, concentration, and formulation. The 
expected range of concentration of active ingredient present in each of these process 
steps could be ascertained through analysis of representative samples. Also, one could 
capture representative samples of the material at these process steps to serve as test 
materials for toxicology studies. Viewed in this light, microbial biopesticides are analo- 
gous to most any other manufactured product, including chemical pesticides. 

Microbial pesticides are examined in Tier I tests for mammalian toxicity, worker 
safety, and environmental fate. Tier I test substances emphasize two to three main 
components of this overall scale-up process. First is the actual end-use product. Sec- 
ond is the active ingredient in its purest or highest concentration form, also known as 
the technical grade active ingredient. Third is the fermentation product at the end of 
the run, which on occasion is utilized as a test substance. These represent the predomi- 
nant materials to which a production worker, end user, or the environment would be 
exposed. 

Although built on a framework of chemical safety assessment, these Tier I tests take 
into account a novel property of microbial pesticides compared to chemicals — the abil- 
ity to propagate. In Tier I, animal models are used to determine the presence of acutely 
toxic or pathogenic properties. The test substance also is applied to animal models by 
various routes of entry (oral, dermal, ocular, or pulmonary and by injection) to assess 
irritation or pathogenicity. These tests also provide data for assessing the impact of 
potential exposure of manufacturing employees during production of the final product. 
Tier I nontarget tests encompass exposure of suitable aquatic, terrestrial, and avian 
species to the test materials (47). 
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3. 1. Bt Spore Concentrates 

First-generation sprayable biopesticides were based on natural strains of Bt pro- 
duced in stirred tank fermentation. The Bt fermentation life cycle includes a period of 
vegetative cell growth that subsequently shifts to production of endospores and the 
insecticidal proteins, finally terminating in cell lysis (7,35). Thus, these early products 
were a complex mixture of vegetative and lysed cells, spores, insecticidal proteins, and 
fermentation by-products. The earliest domestic product, Thuricide, was manufactured 
on the basis of spore counts (49). As discussed by Rogoff, the primary concern in the 
late 1950s with this “new” class of pesticide was pathogenicity testing “to eliminate the 
question of frank infective potential” (6). This was accomplished by performing a series 
of tests using spores as the material administered to the animals. The seminal review on 
mammalian toxicity of pesticides based on Bt, published in 1995, focused intensively 
on spore toxicology and pathogenicity (28). 

Generalized production schemes for Bt at the pilot and larger scale have been pub- 
lished (7,50-52, and references cited therein), although actual commercial production 
routes often remain confidential (52). In general, a spore preparation used for toxicol- 
ogy would be derived from an actual commercial pilot or production run using the 
relevant strain and a proven production medium. For instance, commercial powders or 
suspensions provided by the manufacturer were used when Siegel et al. examined the 
mammalian toxicity of products based on B. thuringiensis var israelensis (53). 

The fermentation run would proceed through sporulation and insecticidal protein 
production and terminate in lysis. According to Couch, typical fermentation broths 
might achieve final concentrations of 6 - 8 % solids, with 1-3% representing a mix of 
spores and crystals (52). Lopez-y-Lopez et al. indicated the typical commercial broth 
might attain spore concentrations of up to 10^ ml~^ (51). 

The next step involves concentration of the fermentation broth, usually by some 
form of centrifugation or filtration. Analysis and quality control of Bt spores relies 
primarily on determination of their concentration by spore-counting procedures involv- 
ing microbial plate count techniques (4). Following the administration of the spore 
concentrates to the test animal, tests often employed viable microbial counts on tissue 
or organ samples to assess growth rate or clearance of the spores by the mammalian 
defense systems (23,28,53). Despite their historical use, spore counts do not provide a 
reliable estimate of product potency or concentration of the biopesticide (49). 

Purity of spore preparations is a complicated issue, but is not normally dealt with 
in these regulatory studies. If a pure preparation of spores is desired, physical separa- 
tion of the spores and crystalline proteins would be required. Spores and the protein 
endotoxins can be separated by centrifugation on sucrose (54), sodium bromide (55) 
or Renografin® gradients (56). The aspect of purity that has been discussed is poten- 
tial contamination of test preparations with p-exotoxin (see Section 3.3). p-Exotoxin 
has an acute oral median lethal dose (LD 50 ) of 170 mg kg~^ in rats, making it highly 
potent to mammalian test subjects. The presence of this compound as a contaminant 
in test substances has been implicated in unexpected toxicity of certain spore prepara- 
tions (28,53). 

An interesting historic test has taken on new meaning in today’s focus on bioterro- 
rism. Bt resides taxonomically in a triad along with B. cereus and B. anthracis (7) (see 
Section 3.4.1). The organisms are difficult to distinguish based on biochemical tests. 
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and in 1960, there were no molecular tests. Because the commercial objective is to 
produce literally kilograms of spores, confirmation that a batch is not unexpectedly 
contaminated with anthrax is crucial. Scientists in the FDA Bureau of Biologies unit 
developed a test to distinguish B. anthracis from the other bacilli based on its markedly 
toxic effect to mice on intraperitoneal injection (6). This intraperitoneal injection test 
of spores is still performed today on all fermentation batches of bacillus-based Bt (4). 

Although the discussion of spore preparations for toxicology might seem distantly 
removed from the practice of genetically modified crops, it is helpful to recognize the 
convergence of historical precedence leading to the registration of today’s genetically 
modified crops. In conducting the assessment to exempt certain cry proteins from the 
requirement of tolerance, the EPA utilized data collected from just such mixed spore- 
protein preparations in making its final opinion (57). Data from spore-protein concen- 
trates were cited as supporting data indicating the lack of toxicity or other ill effects of 
Bt proteins used for transgenic plants. This long history of use of Bt, coupled with the 
extensive database of spore-protein toxicology, facilitated registration of Bt endotoxin- 
expressing plants (1,4). 

3.2. Bt Endotoxin Preparations 

Early efforts to categorize Bt strains employed such techniques as flagellar 
serotyping and crystal morphology determination f7j. In the late 1970s, multiple efforts 
yielded antibodies capable of immunological distinction between crystal protein com- 
ponents (58). However, the real advances in toxin classification occurred once molecu- 
lar techniques were applied when the genes corresponding to the endotoxins became 
known (59). Strains could possess multiple Bt genes, but differential expression during 
fermentation meant the actual toxin composition of a Bt product was not definitively 
known. 

In the early 1990s, analytical techniques that resolved the crystalline toxins were 
developed and applied to characterization of commercial products (60). Not surpris- 
ingly, most commercial products were found to contain a mixture of genes and 
expressed endotoxins (61). However, purified protein extracts from commercial 
biopesticides have been used only sparingly in Bt toxicology. The primary case 
involved characterization of the alkaline soluble cytotoxic/hemolytic toxins from B. 
thuringiensis var israelensis (53). 

The primary impetus to initiate a more focused examination of Bt protein toxicology 
came as a result of development of genetically modified Bt strains. Initially, novel Bt 
strains were constructed by conjugation to add specific new toxins to existing strains 
(59). This was considered a nonrecombinant strategy and was a primary commercial 
strategy of Ecogen Corporation. A Bt endotoxin gene was first cloned and heterolo- 
gously expressed by Schnepf and Whiteley in 1981 (19), thus placing Bt toxins squarely 
in the recombinant DNA revolution. Heterologous expression, first in microbes and 
ultimately in plants, drove the need for protein test substances to characterize Bt toxin 
effects (4). 

A hallmark of Bt crystal proteins is their extreme insolubility. Endotoxins typically 
are protoxins, which need a proteolytic processing event to aid solubility and activate 
the toxic component (24). These properties are used to advantage during large-scale 
production of purified endotoxin. Expression and purification of various Bt toxins in 
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heterologous systems at the laboratory scale are well documented in the scientific and 
patent literature. These are discussed in Section 4.1 as they directly relate to protein 
test substances for genetically modified crops. 

3.3. Exotoxins 

Part of the insecticidal arsenal of Bt includes an adenine nucleotide derivative known 
as (J-exotoxin (12). This molecule is produced by certain strains of Bt and is secreted 
into the culture broth. The common name for the best-studied form of the toxin is 
thuringiensin, although Levinson reported the existence of another structurally 
uncharacterized molecule referred to as type II P-exotoxin (37). The mechanism of 
toxicity is inhibition of DNA-dependent RNA polymerase. p-Exotoxin is markedly 
potent against a variety of insects, and the molecule was under commercial develop- 
ment both domestically and abroad. Domestic development ceased once the mutagenic 
properties were discovered (6). Nonetheless, limited commercial activity is ongoing in 
Taiwan (62). 

Production of exotoxin is strain dependent (37,63). Commercial producers began 
shifting production strains to those documented not to produce the metabolite upon the 
discovery of nontarget effects of P-exotoxin (4,6,28,37). Federal regulations require 
commercial Bt formulations to be free of P-exotoxin, so batch surveillance is con- 
ducted by the fly bioassay method (64). Libraries of Bt strains have been screened for 
P-exotoxin production to identify new production strains (37,63). One attraction of 
heterologous production of 5-endotoxins is the elimination of the possibility of P-exo- 
toxin production in commercial products. Bt P-exotoxin is of no concern in transgenic 
Bt crops. 

P-Exotoxin is only 701 Da, but it can be isolated from broth by micellar-enhanced 
ultrafiltration. Cetylpyridinium chloride forms micelles, which have high affinity for 
P-exotoxin (62), facilitating recovery of 90% of the product by 10,000 molecular weight 
cutoff membranes. Final purification is accomplished by high-performance liquid chro- 
matography. Analytical methods for P-exotoxin include high-performance liquid chro- 
matography (37,62), capillary electrophoresis (62), enzyme-linked immunosorbent 
assay (65), and the fly bioassay (64). The bioassay is based on the heat stability of p- 
exotoxin and its exquisite potency on the housefly. 

3.4. Other Bt Fermentation Test Substances 

3.4.1. Anthrax 

The phylogeny of Bt places it in a triad of closely related Gram-positive spore-form- 
ing species: B. thuringiensis, B. cereus, andfi. anthracis (7,66). These species are suf- 
ficiently similar that biochemical typing does not adequately distinguish them. The 
presence of plasmid-bome toxins is the most reliable molecular approach because 
genome similarity is very high (66). Nonetheless, the mammalian pathogenicity of B. 
anthracis allows ready and unambiguous differentiation to occur. A test was devised 
based on intraperitoneal injection of spores for detection of B. anthracis, and it is used 
to eliminate the possibility of accidental contamination of spore-based Bt products by 
B. anthracis (6). Therefore, pathogenicity testing to rule out the presence of anthrax 
was a fundamental requirement of flt-based pesticides (4). The typical test sample was 
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derived from a relevant in-process spore concentrate from the batch. Analytical proce- 
dures generally involved determining the spore concentration by spore-counting pro- 
cedures. 

3.4.2. Diarrheal Enterotoxins 

Bt is closely related to the opportunistic food pathogen, B. cereus. A primary patho- 
genic determinant of B. cereus is a mammalian-active diarrheal toxin (67). Existence 
of the gene in a variety of Bt isolates has been demonstrated by polymerase chain 
reaction (68), and production of this toxin has been shown by immunoassay in com- 
mercial formulations (69). Of note, heterologous production of 5-endotoxins in non- 
Bacillus strains eliminates concern for the presence of this agent. The recombinant 
product MVPTM bioinsecticide, which contains a Bt endotoxin in killed P . fluorescens 
cells, was the only commercial formulation tested that did not show the presence of 
diarrheal toxin by immunoassay (69). 

Isolation of the B. cereus toxin has been reported (70). The procedure employed 
ammonium sulfate precipitation, ion exchange, chromatofocusing, and size exclusion 
chromatography. Testing for this agent is not a current requirement for commercial 
biopesticides, although the increased attention it is receiving in the literature may cause 
increased scrutiny of new products in strains without a long history of commercial use 
(4). Some groups are developing nonenterotoxigenic Bt strains for endotoxin produc- 
tion (38). This component is not a constituent of Bt-expressing crops, so no test sub- 
stances focused on this toxin would be required in development of a genetically 
modified crop. 

4. Test Materials for Plant-Incorporated Protectants 

The first field trials involving a genetically modified crop occurred in 1987; the 
crylAb protein was expressed in tomato to control Heliothis zea (20,71). The EPA 
registered the first PIP in 1995. The cry3A insecticidal endotoxin was expressed in 
potato for the control of Colorado potato beetle, and the product was introduced under 
the name NewLeaf® Potato (3). 

This introduction of genetically modified crops for insect control crystallized two 
significant new challenges with respect to generation of test substances in the regula- 
tory and risk assessment pathway. First, the classical industrial scale-up metaphor, 
which effectively served the fermentation-based microbial biopesticide registration 
process, was no longer relevant. Second, protein expression levels in genetically modi- 
fied plants can be extremely low, thus limiting availability of the plant-derived protein 
for specialized testing. 

The scale-up metaphor was central to generation of test substances for fermentation- 
derived biopesticides (4). With a typical sprayable biopesticide, the producer uses a 
fermentation process to make large quantities of toxin, then manipulates the fermenta- 
tion broth to provide the bioinsecticide in a suitable formulation to a user. Thus, toxin 
is present throughout the later stages of scale-up and obviously is present in the actual 
article in commerce. In a typical fermentation-and-recovery process, the protein toxin 
is present at high concentration in a certain step or steps. This might correspond to a 
concentrated liquid or dried intermediate, depending on the manufacturing process, 
and this concentrate is referred to as the technical grade active ingredient. Although it 
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is central to the manufacturing process, it also provides a convenient starting point for 
the isolation of large quantities of protein to enable specialized testing for toxicology. 
Because the pesticidal protein is manufactured, tests for regulatory or toxicology pur- 
poses can be conducted on an authentic substance isolated directly from the production 
stream. 

With a genetically modified plant, the scale-up metaphor could no longer be sus- 
tained. The product actually “manufactured” and sold is a seed or other propagative 
tissue, not the insecticidal toxin itself. Although the gene is present throughout the 
plant’s growth cycle and tissues, the protein might or might not be, depending on the 
nature of the regulatory elements used in assembling the molecular construct (tissue- 
specific or inducible promoters) (72). Furthermore, there is no point during the normal 
plant production process at which the protein obligately would be found at sufficient 
concentration to enable isolation of gram quantities of protein. 

To frame the magnitude of the issue, it is helpful to note the protein expression 
levels in some early plant-incorporated pesticides. Fuchs et al. observed that proteins 
in engineered plants could be present at levels as much as 10,000 times lower than 
those obtained from the same gene in fermentation (73). Perlak et al. described the 
levels of crylAc in Bollgard® cotton as ranging from 0.0005 to 0.0020% by fresh 
weight of tissue (20). Finally, in the EPA’s Pesticide Fact Sheet for BTll com, a 
computation was produced describing the amount of toxin and biomass produced per 
acre (http://www.epa.gov/fedrgstr/EPA-PEST/1998/August/Day-17/attri.htm). In this 
com line, an acre of crop would produce a total of 259 g of cry 1 Ac toxin, and this 
would be present in 89,300 lb of biomass. Quantities of protein for even a minimum 
series of toxicology tests are on the order of 10 g (see Section 4.1). Based on the 
expression range for cotton mentioned by Perlak et al., 10 g of cry 1 Ac would be con- 
tained in 500-2000 kg fresh plant material; for com, this would be about 1570 kg fresh 
plant material. 

The EPA recognized this issue and responded by elaboration of the concept of 
equivalency (4). This concept permits protein production via fermentation to be used 
as a surrogate protein in toxicology tests to support registration of the genetically modi- 
fied plant. 

4. 1. The Concept of Equivalency 

As the EPA considered the earliest genetically enhanced insect-resistant crops, it 
was clear that the plants themselves could not provide the quantity of material neces- 
sary for even preliminary toxicology assessment. A significant component of this 
assessment is determination of the acute oral toxicity of the protein to mice. With 
biorational pesticides, it is ideal to seek a no observable effect level of 2000-5000 mg 
kg"' in the experimental animal, the EPA’s lowest level of toxicity. This corresponds 
to a dosing level of 100-125 mg test substance per experimental subject when conduct- 
ing the analysis with appropriately staged mice. Test populations can reach 40-50 ani- 
mals when subjects from both genders are included and a reasonable number of 
replicates are performed. Thus, the required test material for this one study alone easily 
surpasses 6 g of protein. 

The EPA allows applicants to produce large quantities of test protein in fermenta- 
tion provided small quantities of authentic material are extracted from the plants for 
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comparison. The fermentation-derived material is compared to the authentic protein in 
biological and biochemical tests to document equivalency (4,20,74). These materials 
are tested for potency and spectrum in relevant insect bioassays, examined by sodium 
dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for similarity in 
apparent molecular weight under denatured conditions, tested for immunoreactivity in 
Western blots and enzyme-linked immunosorbent assay, subjected to tests for post- 
translational modification such as glycosylation, and have the primary sequence of 
their N-terminus determined (74). The point of these tests is not to determine that the 
respective protein samples are identical, but rather to use the combination of results to 
“indicate a high probability that these two sources produce proteins that are essentially 
identical” (italics added; 75). 

The concept of equivalency is central to the creation of suitable protein test materi- 
als for safety and environmental testing of genetically modified crops. Interestingly, it 
also links progress in plant biotechnology with the historic predecessor it supplanted, 
fermentation-derived protein production. The multigram quantities of protein needed 
for registration studies generally are out of the range of laboratory-scale production. 
For instance, the yield Macintosh et al. reported for cry 3 A in a lO-L fermentation in 
recombinant E. coli was 300 mg (76), and large-scale preparation of the same protein 
ultimately resulted from a 1000-L fermentation (5). 

This points out an anachronism of modem plant biotechnology. For many reasons, 
the technology shifted away from fermentation toward plant-incorporated production 
of proteins, yet the ability to suitably test and successfully register a genetically modi- 
fied plant currently requires access to protein production via classical fermentation 
scale-up. In general, a suitable microbial expression strain must be developed, and 
process development to the 100- to 1000-L scale must be performed. Time spent opti- 
mizing microbial expression can result in the benefit of processing smaller volumes, 
but that establishes the need for an expression optimization program in a bacterial sys- 
tem. The protein that results from this bacterial scale-up needs to be timed to support 
the application for the Environmental Use Permit for field release. This illustrates how 
microbial expression and scale-up are inserted into the critical path of development of 
a genetically modified crop. 

4.2. The Scope of Test Substances Required 
for Genetically Modified Plants 

Guidelines for the required testing of genetically modified plants somewhat followed 
those set for biopesticides in Subdivision M (4,48) with a few key differences. A key 
issue with biopesticides was their potential for infection and pathogenicity, but that issue 
is moot in plants expressing only the insecticidal toxin gene. Likewise, certain tests aimed 
at worker exposure (intraperitoneal, dermal irritation) or process-specific by-products 
(P-exotoxin) likewise no longer were relevant. However, new issues arose as a conse- 
quence of the protein being expressed continuously in the plant and because it could be 
present in a potential food source. Thus, tests aimed at digestive and environmental fate 
became more prominent in testing and assessment of genetically modified plants (4). 

Unlike microbial pesticides, plant-incorporated pesticide registrations tend to pro- 
liferate toxicology and environmental fate test substances. Often, this is because of the 
nature of the exposure system; for instance, bees preferably are tested with pollen 
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expressing the protein rather than with simply protein itself. However, to dose the test 
subjects adequately, amendment of toxin to the pollen might be required. Depending 
on the nature of the question under investigation, the test substance can be (1) purified 
microbial protein; (2) purified or enriched protein from the modified plant; (3) control 
protein isolated from an isogenic plant lacking the transgene, but extracted in a way 
identical to the material in item 2; (4) pollen from modified and isogenic plants; (5) 
dried plant tissue (often leaf or root) from modified and isogenic plants, (6) various 
animal feeds made from plant material from modified and isogenic plants; and (7) any 
of the above amended with purified microbial protein to increase the dose. As men- 
tioned in Section 4. 1 , the equivalency determination established the need for biochemi- 
cal tests employing substances 1, 2, and 3 to demonstrate interchangeable use. 

Insect resistance management (IRM) programs also require access to protein test 
substances. This element of the registration process usually has experimental and field 
components. The experimental part involves biochemical testing to estimate likelihood 
of cross-resistance, often by ligand blotting or other protein-receptor techniques (77). 
It can include bioassays on resistant insects if available and performance of selected 
tests from a defined menu to establish that the plant expresses the toxin at a level suffi- 
cient to exceed the 50% lethal concentration by a factor of 25 (78). In any of these tests, 
purified microbial proteins or dried plant material are typical test substances, and 
required quantities are small. 

Field studies can entail longitudinal monitoring of target organism susceptibility 
using field-collected insects in a bioassay. This can also be expanded to include other 
target and nontarget species. For these longitudinal studies, microbial protein usually 
is the material of choice because a robust IRM program can consume multigram quan- 
tities annually for the life of the product. 

In summary, the testing scheme for a genetically modified plant requires a robust 
supply of test substances. The predominant material used is derived from microbial 
expression of the relevant gene, followed by purification. Critical uses for the purified 
microbial protein include that for the acute oral toxicity determination, as an amending 
agent to other test substances to elevate the dose for better estimation of hazard of 
exposure, for biochemical tests to demonstrate equivalency to plant-produced protein, 
and for IRM studies. The need is for multigram quantities and, depending on the IRM 
program, can recur for the life of the product. Additional test substances are enriched 
or further purified from plant tissue and, because of their complexities, frequently 
require a control batch extracted in parallel from an isogenic line differing only in the 
presence of the relevant gene. Finally, animal feeds derived from appropriate tissues of 
transgenic and isogenic lines round out the feeding studies required of the products for 
registration. 

4.3. Protein Derived From Bt Toxin Genes 

Bt genes representing the crylAb, crylAc, crylF, cry2Ab2, cry3A, cry3Bbl, cry9c, 
cry 34Abl/cry35Abl, and vip3A proteins have been presented to the EPA for registra- 
tion in transgenic crops. In each case, test substances comprising proteins produced in 
microbial systems would be a part of the submission package. The toxicology conclu- 
sions obtained from tests involving some of these substances are documented in the 
open scientific literature and are summarized in EPA reports; however, the methodol- 
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ogy of preparation of these substances is more difficult to collect. The material best 
documented in the scientific literature is cry3A protein, used in potato for the control 
of Colorado potato beetle (5). Because of a large amount of regulatory activity sur- 
rounding Starlink'T^ com and assessment of its potential for allergenicity, there also is 
quite an extensive documentation of protein test substances available on the EPA Web 
site (http://www.epa.gov/pesticides/biopesticides/pips/starlink_com_archive.htm). 

Laboratory-scale purification of the cry 3 A toxin from B. thuringiensis var tene- 
brionis expressed in E. coli has been described. The procedure exploited a propensity 
of the toxin to solubilize at high pH and precipitate at near-neutral pH. Protein purity 
was 96%, as assessed by densitometry following SDS-PAGE, and the yield from 10 L 
of fermentation was 300 mg (76). Large-scale purification was described 7 years later 
at a scale of 1000 L (5). 

The contrasts between the two methods illustrated components critical to successful 
scale-up. First, the ultimate production strain was modified to eliminate one ribosome- 
binding site, thus yielding a single 68-kDa protein rather than a mix of that protein and 
the full-length, 72-kDa protein. Second, the size of inclusion bodies obtained on scale- 
up was smaller than previously experienced, so the large-scale procedure required in- 
creased centrifugation time, but fewer washing steps. The method of solubilizing used 
at the smaller scale (pH 10.0) was only partly effective. At the larger scale, a higher pH 
solubilization process, coupled with a lower temperature precipitation methodology, 
was needed. The reported yield was 52 g of lyophilized cry3A, which is about 1.7 times 
the productivity reported at the 10-L scale. 

The analytical details are instructive regarding protein test substances. Based on 
protein analysis by SDS-PAGE, the protein purity was estimated as 100%. That is, no 
other proteins were detectable by SDS-PAGE and Coomassie staining. However, the 
product purity was determined as 90% by weight because of the presence of water and 
sodium ion. Appropriate analytical tools were applied to confirm identity of the protein 
(amino acid composition, N-terminal sequencing, bioassay), although immunochemi- 
cal analysis was absent in that report. 

Noteborn et al. (79) briefly described production of crylAb protein for toxicology 
assessment of genetically modified tomato. The production strain was identified as E. 
coli strain K514, and the laboratory methods of Hofmann et al. (77) and Hofte et al. 
(80) were used. Cells of E. coli containing the Bt inclusions were disrupted with 
lysozyme and sonication. Cell debris was washed with detergent and salt. Inclusions 
were solubilized in carbonate buffer containing 0.2M sodium thioglycolate at pH 9.5. 
Solubilized protein was dissolved in a buffer containing \M urea and 2-mercaptoethanol 
and applied to a diethylaminoethylcellulose (DEAE)-cellulose column. Purified pro- 
tein was precipitated at pH 4.0, then solubilized in an alkaline buffer and subjected to 
size exclusion chromatography. The protoxin was subjected to trypsin or chymotrypsin 
digestion to generate the 60-kDa active fragment. 

This material was subsequently determined to contain copurified DNA (77) (see 
Section 4.5.1), so the following additional steps were taken to remove it. The toxin was 
first precipitated with ammonium sulfate, then solubilized in a Tris buffer with moder- 
ate salt content. DNA was precipitated by addition of streptomycin sulfate. Following 
centrifugation and dialysis, the material was subjected to anion exchange chromatogra- 
phy. Quantitative yield or analysis of the proteins was not provided. 
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Chaturvedi et al. described a procedure for isolation of cry 1 Ac that claimed to elimi- 
nate components responsible for Bt toxin oligomerization (81). An E. coli strain 
expressing the full-length cry 1 Ac gene was cultured under batch conditions and har- 
vested. Cells were lysed by sonication, and the inclusions were collected by centrifuga- 
tion, then washed in 0.5M salt with detergent. Inclusions were solubilized at pH 10.5 
overnight, then activated with trypsin overnight. The trypsin treatment removed the 
bulk of contaminating proteins from the cell lysate. The activated toxin was applied to 
a phenyl sepharose column equilibrated with IM KCl at 4°C and eluted with an inverse 
salt gradient. The authors noted that cry 1 Ac was irreversibly bound to the column if 
chromatography was conducted at room temperature in the presence of 2M salt. The 
toxin resisted elution with organic modifiers or even 6M urea. Contaminating DNA 
eluted from the column during the high-salt wash, and the Bt toxin eluted at the end of 
the inverse gradient. Their purification yield was calculated as 43%, and the protein 
purity was >95%. The method was performed at the laboratory scale (12-mL column, 
approx 100 mg starting material). 

Other cry Bt proteins in the 72- to 130-kDa range can be purified by procedures like 
those just described. A binary cry toxin active on com rootworm and comprised of a 
14-kDa component (cry34Abl) and a 44-kDa component (cry35Abl) (82) has been 
submitted to the EPA for registration in com. These proteins were heterologously 
expressed in a P. fluorescens strain and purified from inclusions. Proteins were 
extracted from inclusions using citrate buffer at pH 3.3, and the 14-kDa protein was 
subjected to further purification via ion exchange chromatography. A noncrystalline Bt 
toxin, vip3A, has been submitted for registration in cotton. This class of protein typi- 
cally is purified from E. coli lysates by pH-induced precipitation at pH 4.5. Following 
resolubilization at alkaline pH, the material is subjected to anion exchange chromatog- 
raphy (17,18,83). 

4.4. Selectable Markers and Herbicide Tolerance Proteins 

Transgenic Bt crops contain additional genes with different functions in the product. 
The EPA requires that test substances be created for all genes producing expressed 
proteins in the genetically modified plant. Selectable markers can be included to enable 
identification of transformants during the early portion of the transformation process. 
These typically are genes coding for resistance to antibiotics or herbicides. The genes 
widely used for this purpose are the nptll gene (neomycin phosphotransferase II, kana- 
mycin resistance) (84) and the bar or pat genes (bialaphos or L-phosphinothricin resis- 
tance) (85). Other genes, such as hyg (hygromycin resistance), have been used in plant 
transformation, but have not been widely used in domestic crops (86). 

Crops also can be modified for field tolerance to commercial herbicides. By far the 
most prevalent example is resistance to the herbicide glyphosate (RoundUp®). The 
most common mechanism of resistance is via mutant 5-enolpyruvylshikimate-3-phos- 
phate synthase (EPSPS) (87,88). Some genes discussed not only are suitable for selec- 
tion of transgenic events (bar and pat) (89,90), but also are usable in the field as a 
herbicide tolerance trait (Liberty® herbicide, glufosinate sodium). 

The nptll gene has been used extensively in agricultural biotechnology. Fuchs et al. 
isolated nptll protein from recombinant E. coli and from genetically modified potato. 
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cotton seed and tomato fruit (74). Two fermentation batches derived from 150-L tanks 
were pooled to yield 7.5 kg cell paste. The purification procedure involved extensive 
washing of the inclusions, followed by solubilization in urea and dithiothreitol. The 
protein was diluted to lower urea concentration, then contaminants were precipitated 
with ammonium sulfate. Approximately 40% of the nptll also precipitated but, suffi- 
cient material was left in solution to obtain the desired quantity of product. The final 
yield of product on lyophilization was 30 g. Amino acid analysis indicated an overall 
purity by weight of 74%. Bacterial endotoxin (see Section 4.5.2) was present, but the 
level was not disclosed. 

Isolation of nptll protein from potato and tomato plant tissues was described in ref. 
74. Isolation from potato tuber was accomplished by homogenizing 1.5 kg tubers in 
extraction buffer. The material was filtered and concentrated by ultrafiltration, then 
purified on a series of ion exchange and size exclusion columns. The yield was not 
disclosed, but the ultimate product was described as 20% pure by SDS-PAGE. The 
protein was isolated from tomato by a combination of hydrophobic interaction chroma- 
tography and affinity chromatography using the antibiotic amikacin as a ligand. This 
sample was described as 55% pure by SDS-PAGE. These proteins were used in equiva- 
lency studies with the microbial protein. 

Extraction from cottonseed was described in ref. 84. Cottonseed (500 g) was pow- 
dered in a blender and extracted with acetone to remove interfering lipids. The acetone 
was air-dried, and the powder was used as starting material for further purification. The 
material was fractionated by precipitation and ion exchange chromatography. It was 
finally purified on an amikacin affinity column. Prior to affinity purification, the yield 
was estimated as 0.26 mg nptll. Extraction buffers contained components to minimize 
interferences because of organic compounds in the plant tissue. Borate was employed 
to minimize effects of gossypol, and ascorbic acid was added as an antioxidant. 

The CP4 EPSPS was purified from 100 g soybean by powdering the seed in liquid 
nitrogen, then extracting with acetone. Following homogenization and filtration, the 
protein was precipitated with ammonium sulfate, then purified by anion exchange chro- 
matography and hydrophobic interaction chromatography. The authors indicated that 
the general method was applicable to canola and cotton expressing EPSPS and men- 
tioned but did not describe purification of CP4 EPSPS from E. coli (91). The microbial 
EPSPS (product of aroA gene) was purified following overexpression in E. coli (92). A 
60-L fermentation in minimal medium was concentrated by tangential flow filtration 
and centrifugation. The cell pellet was lysed by freeze-thaw, lysozyme, and DNase 
treatment. The clarified lysate was taken to 50% saturation with ammonium sulfate, 
and the precipitate was discarded. The resulting supernatant was further treated to 70% 
saturation, and the resulting precipitate was taken to hydrophobic interaction chroma- 
tography. The material was polished by anion exchange chromatography. The result- 
ing yield was 260 mg. 

Purification of pat protein from E. coli was performed after fermentation at the 50-L 
scale. Following lysis, the protein was precipitated with ammonium sulfate and applied 
to ion exchange, hydrophobic interaction, hydroxylapatite, and size exclusion chroma- 
tography. The protein was characterized as at least 90% pure by SDS-PAGE. Total 
yield was less than 1 mg (93). 
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4.5. Well-Known Contaminants of Purified Heterologous Protein 

Recombinant expression undeniably altered the course of scientific and commercial 
exploitation of proteins by providing a ready source of the material. However, the pro- 
teins produced can harbor new or different contaminants compared to proteins from 
their native source. For obvious reasons, the presence of these potential contaminants 
has been the source of much work in pharmaceutical protein expression and purifica- 
tion. Several classes of contaminants appear common to proteins produced via recom- 
binant expression, and their presence in test materials for PIPs should be evaluated. 

4.5.1. DMA 

Cellular DNA is a well-known contaminant of heterologous protein expression. As 
a charged polymer, it interacts with proteins and can be copurified with the target pro- 
tein. Procedures aimed at removal of DNA include use of DNase, use of precipitants 
such as streptomycin sulfate (77), or chromatography (81 ). Newer technologies include 
high-performance tangential flow filtration (94). There are several examples of tight 
association between fragments of DNA and Bt toxins. Specific association of crylA 
toxins with cellular DNA has been shown by several groups (95,96). 

Bietlot et al. examined trypsin-activated toxin isolated from a native Bt strain and 
found it to chromatograph in two different fractions during anion exchange separation 
(95 ). The fractions appeared indistinguishable on SDS-PAGE, but the later-eluting frac- 
tion was shown to contain DNA by absorbance at 260 nm, DNase susceptibility, and 
staining. 

Clairmont et al. extended these observations to demonstrate the presence of a 20- 
kbp DNA fragment in cryl A isolated from six different Bt subspecies and from inclu- 
sions of three cryl A genes in E. coli (96). Evidence suggested that the interaction is 
specific to the N-terminus and is involved in the stepwise proteolytic activation of this 
class of toxins. 

Chaturvedi et al. observed that cry 1 Ac expressed in E. coli accumulated as an insoluble 
inclusion in specific association with approx 25-kb DNA fragments (81). The DNA was 
removed during hydrophobic interaction chromatography by a 2M KCl wash step. 

B. thuringiensis subsp israelensis produces a 27-kDa endotoxin called cytA. Unlike 
the classical Bt endotoxins, this protein is highly cytotoxic to mammalian cells. During 
purification of cytA on anion exchange, Yokoyama et al. observed a fraction appearing 
to be a high molecular weight aggregate, and the ultraviolet spectrum of the material 
was consistent with the presence of DNA (97). The presence of DNA in the inclusions 
was confirmed with the DNA stain 4',6 diamino-2-phenylindole dihydrochloride and 
with ethidium bromide staining before and after treatment with DNase. Ability of puri- 
fied cytA to associate with DNA was demonstrated in gel shift assays. It was con- 
cluded that little sequence specificity was manifested because cytA bound equally well 
to Bacillus, Escherichia, and phage 0X174 DNA. The N-terminal arginine appeared to 
play a role in the toxin-DNA interaction. 

In addition to the procedures mentioned here, sensitive analytical detection of E. 
coli genomic DNA to 1 pg mL“^ in protein samples relevant to pharmaceuticals has 
been reported by polymerase chain reaction-based amplification of genes encoding 5S 
ribosomal RNA (98). 
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4.5.2. Bacterial Lipopolysaccharide 

The vast majority of work in bacterial expression takes place in Gram-negative hosts 
such as E. coli or Pseudomonas species. These organisms possess a complex double 
membrane structure that contains a specific lipopolysaccharide (LPS) known as bacte- 
rial endotoxin. This endotoxin is the agent responsible for endotoxic shock in Gram- 
negative septicemia (99). LPS is amphiphilic, comprised of a hydrophobic core lipid 
called lipid-A (the toxic component), 2-keto-3-deoxyoctosonic acid substituted with 
phosphate and ethanolamine, and various species of hydrophilic polysaccharides ( 100). 

Lfnfortunately the term endotoxin is used to describe both this lipopolysaccharide 
toxin from Gram-negative bacteria and the insecticidal protein toxins from Bt. These 
are substantially different agents and should not be confused. For the sake of clarity, 
some authors choose not to use the term endotoxin in reference to Bt toxins given the 
larger frame of reference for the customary medical use of the term (7). However, 
within the agricultural biotechnology field, endotoxin is used heavily in reference to Bt 
crystalline toxins. Therefore, we refer to Gram-negative bacterial endotoxin by its gen- 
eral abbreviation, LPS. 

Like DNA, LPS often copurifies with the target protein (99-103) and even with 
bacterially produced polymers such as poly(3-hydroxybutyrate) (104). It can interact 
via its charged or hydrophobic groups. LPS forms macromolecular aggregates (105) 
and can be retained by standard ultrafiltration procedures (101). Common procedures 
for removal of LPS from proteins employ chromatographic processing. Specific resins 
bind the endotoxin and can be used to purify the protein (100). Anion exchange at 
alkaline pH also tends to remove LPS from proteins ( 106). It is also reportedly unstable 
to high pH (104). 

Analytically, the LPS content of a protein can be determined via the Limulus ameb- 
ocyte lysate assay (BioWhittaker, Walkersville, MD). This is a functional assay for the 
presence of LPS. It can be shown qualitatively in samples by polyacrylamide gel elec- 
trophoresis followed by a modified silver stain ( 107), ethidium bromide (108), or tech- 
niques to detect 2-keto-3-deoxyoctosonic acid (100). Because this is a well-known 
toxicological agent, care should be taken to ensure that toxicology test samples des- 
tined for injection studies are free of LPS, as would be done for a protein-based inject- 
able therapeutic agent. Irritation of the respiratory tract by LPS from proteins 
administered for oral toxicology has been observed (103). 

4.5.3. 6- Endotoxin Fragments 

The analytical chemistry of Bt endotoxins is quite fascinating. In general, the proce- 
dures to clean up used chromatography resins or otherwise destroy proteins are the 
exact procedures used to handle Bt endotoxins properly. This includes solubilization at 
pH in excess of 1 1, addition of copious quantities of sulfhydral reagents and chaotropes, 
and liberal use of proteases. One of the hallmark articles in Bt structure demonstrated 
the retention of the secondary and tertiary structure of fits in 6-8M urea (109). In fact, 
these authors found that Bt toxin could be incubated for hours in 8M urea and yet 
remain resistant to various proteases. These extreme conditions are often part of the 
purification process for cry proteins, particularly the use of enzyme digestion to con- 
vert the full-length protoxins to their truncated, activated forms. This activation pro- 
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ceeds through a complex proteolysis involving removal of both N- and C-terminal 
portions of the protoxin protein (80). 

In the case of crylC, 10- and 25-kDa components derived from the protoxin pri- 
mary sequence were shown to adhere tightly to the truncated toxin (110). These pep- 
tide contaminants were pursued because they blocked the ability to iodinate truncated 
cry 1C for ligand-binding assays. Neither reducing agents nor 6M urea allowed resolu- 
tion of the peptides from the 62-kDa truncated toxin, but chromatography in the pres- 
ence of 1 % SDS did. Purification and sequencing of the resolved peptides showed that 
they originated from the N-terminus and reflected products of overdigestion beyond 
the anticipated toxin N-terminus of residue 29. The SDS treatment reduced the ex- 
pected potency by approximately 70%, but activity was restored using guanidine to 
remove the detergent. Luo and Adang cited additional examples of this phenomenon 
in other cryl toxins (110). 

4.5.4. Glycosylation and Carbohydrates 

Prokaryotes generally have been thought not to glycosylate proteins because they 
lack the complex machinery used by eukaryotic organisms to effect protein glycosyla- 
tion. Nonetheless, the primary sequences of prokaryotic proteins do contain potential 
eukaryotic glycosylation signals, and expression of bacterial proteins in eukaryotic 
hosts can result in glycosylated products (111). Ai least one report exists of a Bt toxin 
glycosylated during heterologous expression in insect cells with a baculovirus vector 
(112). However, according to information in the product fact sheets on the EPA’s 
biopesticide Web site (http://www.epa.gov/pesticides/biopesticides/ingredients/ 
index.htm), none of the Bt proteins registered in plants to date has been shown to be 
glycosylated in planta. 

The determination of glycosylation status is part of the equivalency study performed 
for each registration. Thus, expression of proteins in eukaryotic hosts for the purpose 
of generating test substances should proceed with caution and an eye to detection of 
glycosylation so that a surrogate test substance is not produced that is glycosylated 
when the plant-derived material is not. 

Specific instances of prokaryotic glycosylation are now known to occur (113,114), 
and the existence of specific glucosyltransferases has also been implicated as an 
important virulence determinant in some Gram-negative pathogens. Historically, Bt 
toxins were part of the landscape of prokaryotic glycochemistry. Early Bt toxins were 
referred to as glycoproteins based on colorimetric sugar analysis (115). Nonenzymatic 
glycosylation, also sometimes referred to as glycation, occurs to proteins as a conse- 
quence of a condensation reaction between reducing sugars and primary amine groups 
during fermentation or formulation (116,117). Basically, a Maillard-like reaction oc- 
curs that results in a protein with covalently attached sugar entities. The reaction is pH 
dependent. This type of reaction has been suggested to account for the earlier reports of 
glycosylation of Bt toxins, especially because the reaction is accelerated under alkaline 
conditions (117). The current state of the art indicates that Bt toxins are not true glyco- 
proteins as expressed in their native strains and in bacterial and plant expression sys- 
tems. Thus, toxicology test substances should reflect this lack of glycosylation. 

Recombinant hosts can produce carbohydrate components that copurify with the 
protein of interest. The problem in detection is that these tend not to manifest them- 
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selves in standard protein assays. Use of Pichia pastoris to express recombinant human 
serum albumin resulted in copurification of P. pastoris mannans, which have undesir- 
able immunological implications in an injectable therapeutic (118). Two detection 
methodologies were developed to quantify mannans in the presence of high levels of 
protein. The first was an immunochemistry system and the second an analytical meth- 
odology based on anion exchange chromatography and pulsed amperometric detection 
of the sugars. Although these carbohydrates are critical in injectable therapeutics, the 
impact of such molecules in a toxicology lot destined for oral toxicology might be 
minimal given that numerous carbohydrates are present in most diets. An understand- 
ing of the range of contaminants elaborated by the production host is important in 
selection of a scale-up organism. 

4.5.5. Proteins Derived From the Expression Host 

In pharmaceutical expression systems, verification of the absence of even trace lev- 
els of proteins derived from the expression host is critical. Such requirements to do 
likewise have not been suggested for PIP surrogate proteins, and generally protein 
purity as adjudged by SDS-PAGE has been adequate to date. A methodology relying 
on total cellular immunochemistry frequently is employed on therapeutic proteins to 
detect host cell proteins (119 and references cited therein). These are strain-dependent, 
process-dependent test systems created by generating antibodies to cellular proteins in 
mock fermentation runs. The production strain containing the production plasmid but 
lacking the gene of interest is used in the production fermentation process to create the 
expressed protein repertoire from which antibodies are developed. These antibodies 
can then be used to probe production lots for the presence of host cell proteins during 
processing or to allow product release. 

5. Beyond Today 

The history of widespread commercial use of genetically modified organisms can- 
not be viewed properly without attention to Bt. The use of natural and engineered strains 
of this organism since the 1960s enabled a relatively straightforward transition to the 
registration of genetically modified plants in the 1990s. The Bt legacy will no doubt 
continue to be important as new classes of pesticidal proteins are brought forward for 
consideration. Protein test substances required for such registrations should be reliably 
predicted from history. As proteins are expressed in plants for purposes other than 
insect protection, it would seem that two issues would drive the nature of test sub- 
stances required: (1) the history of previous recombinant production with the protein 
and (2) the intended uses for, and consequences of exposure to, the new proteins in 
planta. 

The existence of history of recombinant production of the class of proteins consid- 
ered for plant expression would lend important information to safety and risk assess- 
ment. Just as the regulation of plant-incorporated pesticides relied on the historical 
framework of fermentation-based pesticidal proteins, it is reasonable to conclude that 
such parallels will be sought if plants are used to produce, for instance, recombinant 
enzymes for food production. The pathway for evaluating food-related recombinant 
enzymes in microbes is established (120,121), so adapting relevant parts of this pro- 
cess to plant-produced enzymes could be envisioned. For instance, if a history of safe 
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use of the enzyme as a recombinant microbial product exists, that should weigh into the 
safety evaluation of the same enzyme expressed in genetically modified plants. 

One conceptual difference between today’s use of PIPs and use of plants as factories 
is that the PIP-producing plants are not necessarily a good source of large quantities of 
pesticidal protein because the potency of the PIPs does not often require high-level 
plant expression. Therefore, equivalency processes are used to allow microbial pro- 
duction for toxicology studies. However, using plants as factories would imply that 
such plants would be an adequate source for extracting gram or kilogram quantities of 
proteins. The concept of equivalency might still have a role, however, if the registrant 
needs to perform initial toxicology tests to establish mammalian safety prior to attain- 
ing regulatory permission to scale the field production to acreage sufficient to produce 
grams of the product. 

The intended use of the protein or the potential for exposure should also play a role 
in the nature of toxicology test substances required for evaluation. The consequences 
of exposure to proteins made in plant “factories” could have an impact on the nature of 
required test substances. For instance, therapeutic proteins could be produced in one 
scenario where the plant functions simply as a process intermediate from which protein 
would be purified, and in another, with the plant as part of a delivery system, as in 
edible oral vaccines. 

The current framework for toxicology test substances to enable safety evaluation 
relies on principles that should be transferable to new areas. When the number of in- 
serted genes is small, as it is today, the pathway seems clearly elucidated. However, as 
more complicated traits are developed involving heterologous expression of numerous 
genes, for instance, with expression of entire biosynthetic pathways involving dozens 
of genes, then the ability to do testing on multigram quantities of protein from all trans- 
lated open reading frames might become technically unfeasible. Creation of suitable 
test substances to support the evaluation of such genetically enhanced plants of the 
future will bring exciting challenges in the area of expression and large-scale purifica- 
tion. 
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Genetically Modified Microorganisms 

Biosafety and Ethical Issues 



Douglas J. Stemke 



1. Introduction 

Over the last 30 years, the ability to modify specific genes in microorganisms has 
revolutionized numerous fields of the biosciences, including medicine, agriculture, and 
basic research into life processes. However, this capability raises concerns about the 
potential hazards posed by the technology. In response to these concerns, specific pro- 
tocols have been developed to safely monitor the use of genetically modified microor- 
ganisms (GMMs). It is the scope of this chapter to review safety issues that have arisen 
and address bioethical issues that have become apparent through GMM use. 

GMMs are defined as bacteria, fungi, or viruses in which the genetic material has 
been altered principally through recombinant DNA technology, in other words, by 
means that do not occur naturally. The first section of this chapter addresses GMM 
safety through risk assessment, identification of hazards, and the methods to use GMMs 
safely. Subtopics include safety issues of GMM foods and food products, environmen- 
tal release of GMMs, and concerns arising from horizontal transfer of GMM deoxyri- 
bonucleic acid (DNA) to other organisms. Next, a brief review of protocols and 
recommendations developed by regulatory agencies for the safe use of GMMs is given. 
A final section on safety reviews strategies used to engineer suicide GMMs. 

The second part of this work is devoted to looking at issues of bioethics and GMMs. 
Specific attention is devoted to issues of patents and GMMs, labeling of GMM foods, 
concerns over releasing GMMs perception of GMMs by the general public, biological 
warfare using GMMs, and the consequences of not using this technology. 

2. Historical Developments in GMM Risk Analysis 

The issues surrounding GMMs have been controversial from their inception. In 1972, 
shortly after Drs. Herbert Boyer and Stanley Cohen first published their breakthrough 
research in DNA recombination, a self-imposed moratorium on certain types of clon- 
ing deemed hazardous was enacted by many who pioneered the field. A year later, 
potential hazards from the release of genetically modified organisms (GMOs) were 
raised at a Gordon Conference on Nucleic Acids. In an open letter to the National 
Academy of Sciences, attendees of the conference agreed to halt progress in the area 



From: The GMO Handbook: Genetically Modified Animals, Microbes, and Plants in Biotechnology 
Edited by: S. R. Parekh © Humana Press Inc., Totowa, NJ 



85 





86 



Stemke 



until an international panel could review the subject. Those initial concerns in led to 
the formation of the Recombinant DNA Advisory Committee (RAC) in the United 
States in 1974 and, internationally, to the formation of the Asilomar Conference in 
1975. Both were charged with addressing these issues. The findings from the Asilomar 
Conference recommended replacing the moratorium with a set of guiding rules for 
some types of recombinant research that were identified as posing minimal risk and 
prohibiting other research deemed too hazardous, such as the cloning of DNA from 
“highly pathogenic organisms.” These recommendations were used by the RAC in de- 
veloping guidelines, in 1976, for recombinant work, the basis of which were adopted 
internationally by other government agencies (1-3). 

The strict guidelines laid out through these initial regulations were relaxed by RAC 
and international agencies after mounting evidence demonstrated that the technology 
itself was safe. In the United States, regulations of GMMs were moved from the RAC 
into the Food and Drug Administration (FDA), the Environmental Protection Agency 
(EPA), and the US Department of Agriculture (USD A); whereas RAC regulated 
recombinant issues relevant to human therapeutic uses (1). International safety regula- 
tions for GMMs have been developed through several national and international agen- 
cies, including the World Health Organization (WHO), the Food and Agriculture 
Organization (FAO) of the United Nations, the European Union (EU), and the Organi- 
zation for Economic Cooperation and Development (OECD), as well as other national 
and international regional agencies. The specific regulatory roles of these agencies 
regarding GMM safety regulations are noted elsewhere (see Sections 5.1 and 5.2) in this 
chapter. 

Although it has been up to key government agencies to enforce regulation, it has 
primarily been the responsibility of the scientific community and the developers of 
specific technologies to accurately identify and define specific GMM safety issues. For 
example, to address issues regarding the release of GMMs and their potential impact on 
the environment, an international symposium, sponsored by the American Society for 
Microbiology, was held in June 1985 (4). The seminars at this conference addressed 
several ethical issues pertaining to GMMs, including an analysis on the impact of Frost 
Free Icor Pseudomonas (the first intentionally released GMM) on leaf surfaces (5), the 
potential use of recombinant vaccinia virus (6), methods to monitor modified 
Pseudomonas released into the environment (7), previously identifiable exchanges of 
DNA between different bacterial genera as a prelude to potential exchanges of DNA 
between GMMs and microbial communities (2,8), and model systems to apply estab- 
lished chemical environmental risk analysis to assess GMM environmental impact (9). 
Subsequently, numerous publications (2,10-20) and international symposia (21-32) 
have attempted to address these and other GMM safety and ethical issues. 

As GMM technologies have become more refined and developed in increasing 
applications, society’s questions about the technology have become more widespread 
and vocal. Increasingly, concerns have been expressed not only by researchers and 
regulators, but also by large segments of the public, who deem recombinant technolo- 
gies unnatural, dangerous, or unnecessary. This vocal opposition has developed into 
political discussions that produced mandates that, in many cases, are no longer based 
purely on scientific arguments. Therefore, the future development and use of GMM 
technologies lies not only in their proven safety and success record, but also in how 
safe GMMs are perceived by the public (33). 
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3. Biosafety and Risk Analysis 

The major misconception in risk analysis is that the term safety does not imply a 0% 
chance that a given hazardous event will occur (11). Rather, safety is about identifica- 
tion of risk factors and minimization of the likelihood that a given adverse event will 
occur. The problem would therefore seem to be to identify accurately the risk factors 
associated with GMMs and their probability of occurring. However, the potential risk 
factors are often difficult to define, especially considering the evolutionary nature of 
organisms (34). 

In some cases, risk factors are fairly obvious. For example, in a medical research 
study, it is conceivable that a cloned virulence gene in a host such as Escherichia coli 
could produce a novel GM pathogen. Production of such GMMs is not uncommon 
when fundamental questions of pathogens are under investigation. However, if the 
GMM is properly contained and the laboratory closely follows safety guidelines, the 
research can generally be carried out safely. 

In other cases, risk factors are less obvious, such is for Ice“ Pseudomonas. The strain 
is produced through a knockout of a surface protein that serves as nuclei for ice crystal 
formation. In principle, the GM pseudomonads will no longer serve as ice nuclei; there- 
fore, fruits containing Ice“ Pseudomonas will not be damaged by light frosts (35). On 
initial analysis, it would seem difficult to imagine a reasonable scenario wherein an 
Ice“ GM strain would pose a significant risk to humans or the environment. However, 
it was argued that such bacterial surface proteins may be needed to initiate water drop- 
let formation in the atmosphere, and that bacteria normally blown up into the atmo- 
sphere might serve as the initial nuclei to produce rain. The concern that ice“ bacteria 
would disrupt weather patterns has been widely reported (36,37). However, because 
ice“ bacteria are a natural part of plant microflora and classically induced ice“ mutants 
failed to show an impact on weather patterns, it is generally accepted that the impact on 
rainfall by Ice" GMM would be extremely small or nonexistent (35). 

Herein characterizes the complexity of identifying GMM risk factors. Which risk 
factors raise reasonable concerns? There are some general principles involving GMMs 
and their genes that must be taken into account when assessing risk (38). Consider, for 
example, GMMs released into the environment. GMMs or their recombinant genes 
have the potential to interfere with indigenous organisms by disrupting complex bio- 
logical interactions (39). That is not to infer that there is an inherent risk posed by these 
GMMs, but merely that the potential is there for such an outcome. If this risk potential 
is coupled to the realization that genes are transferred between different members of 
microbial communities and that the comprehension of the maintenance of genes in a 
population is still incomplete (40,41), then there is some understanding of the diffi- 
culty identifying the true risks that GMMs pose to the environment. 

The reality that science cannot provide absolute assurance about the safe use of 
GMMs has left policymakers looking for methods of regulation that address political 
realities. The 1992 United Nations Conference on Environmental and Development 
meeting in Rio de Janeiro, Brazil, formulated the precautionary principle. In essence, 
the precautionary principle states that politicians, when faced with uncertainty and po- 
tential risk from recombinant technologies, may act to prohibit the technology in the 
absence of scientific proof of the true nature of the hazards (42). Therefore, based on 
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the precautionary principle, contamination and persistence of GMMs and their genes 
are regarded as a potential risk and are acceptable reasons to prohibit GMM releases 
into the environment or their presence in foods. 

This interpretation of the precautionary principle has been used more extensively to 
restrict industrial use of GMMs in European nations than in the United States (43). In the 
European Union, the precautionary principle has been interpreted as meaning that, de- 
spite current limited evidence of hazards from a given GMM, new risks may become 
evident in the future, and the prudent action is to ban a given practice. In the United 
States, the precautionary principle is interpreted more conservatively and is not based 
exclusively on a risk-free policy. Uncertainty in the US approach is addressed through 
regulatory agencies, which produce policy directives to maintain safe uses of GMMs (44). 

If there is a perceived risk with GMMs and their DNA, the question pondered is, why 
should GMMs be used in the first place? The obvious answer is the enormous potential 
that recombinant technologies bring to bioremediation, medicine production, food pro- 
duction, and a wide variety of other industrial processes. However, despite the promise 
of the technology, there has to be a point at which a given risk is unacceptable. At the 
Second International Symposium on the Biosafety Results of Genetically Modified 
Plants and Microorganisms, Hull proposed the following formula to assess risk (29 )\ 

Acceptable risk = Probability of hazard A x Magnitude of the hazard B 
Benefit from this product C 

Risk assessment is also, and perhaps more frequently, determined without the 
denominator benefit variable of this equation (1 1 ,14,19,45). 

Whereas the probability of hazard A has been estimated experimentally from the 
stability and transmittability of the DNA or product of the GMMs (46^9), the magni- 
tude of the hazard B seems the more difficult variable to quantify. Typically, biotech- 
nology watch groups concentrate their efforts primarily on the magnitude variable and 
project grave consequences for GMM applications (50,51), whereas industries using 
GMMs tend to concentrate their safety efforts on reducing the probability variable (52 ). 

One way that biotechnology firms accomplish their measure of safety is by testing 
and defining the probability variable as safe through the substantial equivalence prin- 
ciple. This principle defines the safe use of a GMM product as minimal risk if, for all 
practical purposes, it has the same impact on the environment as the non-GMM form. 
Finally, when risk is calculated using the Hull equation, the benefit of the product C is 
normally defined by direct comparisons of the result or value derived from the GMMs 
vs those technologies that do not use GMM technologies (53). For example, if 
bioremediation is to be carried out using a GMM compared to a non-GMM, compari- 
sons might include how completely the compound is mineralized in both systems and a 
cost-benefit analysis of both approaches. 

4. GMMs and Safety Issues 
4. 1. Human Risk 

Humans may encounter GMMs or their associated DNA in a variety of ways, 
including in food products, in GMM vaccines, or as interactions with released GMMs 
in the environment or laboratory. In the future, exposure to GMMs may also include 
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whole GMM foods and probiotics (viable organisms that have medical beneficial 
effects when ingested). Currently, human risks are generally placed in the following 
categories: increased exposure to antibiotic resistance genes; which may result in trans- 
fer of antibiotic resistance genes to indigenous flora, transfer of genes accidentally or 
intentionally that might produce human pathogens; production of GMM toxins; and 
activation of human immune allergies (54,55). 

4.1.1. Risk From Antibiotic Resistance Genes 

Antibiotic resistance genes are the most widely used selectable markers for general 
cloning. However, there are credible concerns that antibiotic resistance genes might be 
transferred into other microorganisms, including known pathogens or opportunistic 
pathogens. In one obvious example, the most widely used microorganism in genetic 
research, E. coli, can readily exchange DNA with a host of known enteric pathogens 
via plasmids or transposons through methods such as conjugation, transduction, or 
transformation (56,57). If a pathogen does successfully pick up an antibiotic resistance 
gene, it is in effect picking up a potentially novel virulence factor (58). For this reason, 
regulatory agencies worldwide generally ban outright use of viable GMMs containing 
antibiotic resistance in foods and are attempting to minimize antibiotic genes in GMMs 
used to produce processed foods (59). Certainly, widespread use and misuse of antibi- 
otics is a major contributing factor to the worldwide epidemic of antibiotic resistance 
in a host of microbes; however, introducing antibiotic resistance genes may exacerbate 
the problem. 

4. 1.2. Risks of Human Toxicity 

To determine the potential human toxicity of a specific GMM or GMM product, a 
series of defined toxicity tests must be completed (20). To evaluate the toxicity levels 
of the product, analysis is used to determine the dosage at which no adverse effects are 
measured. This value is defined as the no observed adverse effect level (NOAEL) (20). 
The NOAEL value is then used to develop a safe level for human consumption. 

Toxic metabolites are typically analyzed through in vitro analysis, including Ames 
tests and cell line cytotoxicity assays and through in vivo animal testing analyses, in- 
cluding acute oral, subcutaneous, interperitoneal, and inhalation toxicity tests (14,20). 
Typically, a large margin of safety is added to generate a safe level for human con- 
sumption. The NOAEL of whole food is calculated because whole foods are too com- 
plex to identify all effects the GMM products might have on the food. Foods are 
considered safe once it is established that the GM food is as safe as the traditional, non- 
GM food, thus complying with the concept of substantial equivalence. Hazard and risk 
analysis flow diagrams have been developed to use this paradigm (20). 

4.1.3. Risk of Allergies 

Allergies are caused by the specific activation of an inflammatory process resulting 
from allergens interacting with immune effector mechanisms (60). Specific allergies 
show geographic distribution primarily because of dietary considerations. Some of the 
best-documented examples of food allergies include peanuts, milk, hen’s eggs, Brazil 
nuts, hazelnuts, walnuts, shellfish, celery, kiwi fruit, and rice (54,61-64). Although 
typical symptoms of food allergens are not life threatening, severe anaphylactic reac- 
tions may be fatal (60,61 ). 
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The concern derived from GMM foods is whether a novel protein expressed in a 
GMM will produce an allergic reaction. To test for the likelihood of an allergic 
response, the GMM protein can be tested for serological cross-reactivity with known 
allergens (65), its amino acid sequence can be compared to that of known allergens 
(66), or the GMM protein’s stability in simulated gastric fluid can be determined (67). 
Direct immunoglobulin E responses can be analyzed in animal models (60,67-69) or 
through skin prick tests (70). To date, only one genetically modified (GM) food was 
ever found to have transferred an allergenic protein. The allergen was identified before 
the product was marketed, and its founder, Hybrid International, never marketed the 
GM soy (64). 

4.1.4. Risk From Unknown Pathogenicity 

The lessons learned from the agricultural use of Burkholderia cepacia might serve 
as a model to identify the risks from released GMMs. Strains of this organism have 
been developed and used for their diverse metabolic properties, including their use as a 
biofungicide and their ability to biodegrade herbicides (71-74 ). It is becoming increas- 
ingly evident that B. cepacia is also a pathogen in cystic fibrosis patients, causing 
serious pulmonary deterioration and associated fatal bacteremia (74-79). These organ- 
isms were developed by classical selection methods; hence, they are not technically 
GMMs. However, even as the connection between the widespread use of B. cepacia 
and its frequency in cystic fibrosis patients is still under investigation, the connection 
is considered a warning by some against the widespread introduction of a novel micro- 
organism into the environment (80). 

A second example perhaps better illustrates the potential harm that a specific GMM 
might inflict. During the course of a mouse sterility research program, a gene encoding 
interleukin-4 was inserted into mouse pox. Inadvertently, a GM virus that was highly 
lethal to mice was engineered (81). Because the research group followed the proper 
safeguards, the GM virus was properly contained, and the experiment was terminated 
without further incident. However, the potential release of an unintended pathogen 
constructed through recombinant manipulation is an unacceptable consequence of this 
technology. 

To assess the potential risk of a given ingested GMM as a human pathogen, animal 
models have been suggested and developed (82). The first of these systems was devel- 
oped using streptomycin-treated mice to develop complete human gut microflora. The 
findings from these model systems paralleled results between human and mouse 
responses to diet and the colonization by enteric flora. This suggests that these mouse 
gut models should be an excellent system to analyze the impact of GMMs in the human 
gut. Potentially, the flora of other parts of the human body could likewise be mimicked 
in such models (82). 

Another area in which unknown pathogenicity may arise is in the development of 
GM viruses used in gene therapy. This technology has shown remarkable promise in 
the treatment or therapy of many human diseases (83-85). Unfortunately, there have 
been well-documented tragic failures with this technology, including the death of Jesse 
Gelsinger, who was under treatment for an ornithine transcarbamylase deficiency (86). 
Also, the onset of leukemia in patients under treatment for the X-linked form of severe 
combined immune deficiency disease further raised concerns about the technology (87). 
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Gene therapy, with its inherent risks, must be examined on a case-by-case basis by 
institutional and federal medical review boards before any trials are conducted (86). 

4.1.5. Risk From Known GMM Pathogens 

There are relatively few scenarios by which a known GMM pathogen might infect a 
person. Interaction with known GM bacteria, fungi, or viruses containing pathogenic 
genes or pathogens genetically altered to analyze the organism could occur as a result of 
a laboratory accident. For example, a known pathogen with a gene knockout may inad- 
vertently infect a laboratory researcher during the course of an experiment. The likeli- 
hood of such accidents is small if such experiments are conducted in the proper biosafety 
containment facility (see Sections 6.2 and 6.3). However, such accidents do happen. 

In reviewing the cases of known incidences, many would have been prevented if 
proper safety measures were followed. In an extensive survey made in 1979, over 4070 
cases of laboratory-acquired infections were identified (88). These infections were col- 
lectively caused by 38 different species of bacteria, 84 different types of viruses, 16 
species of parasites, 9 species of rickettsia, 9 species of fungi, and 3 species of chlamy- 
dia. Although it is not completely clear what percentage of these infections were actu- 
ally obtained in the laboratory, there is an evident association with the type of work 
conducted in the laboratory and the acquired infection. In 20% of these cases, an iden- 
tifiable incident resulted in the infection; in many of the other cases, workers con- 
tracted the infectious agent through an unknown incident (89,90). Although these 
laboratory-acquired infections were presumably caused by non-GMMs, these incidents 
do indicate an area of concern regarding GMM pathogens. 

Humans also might logically encounter pathogenic GMMs as the result of biological 
warfare or a terrorist action with GMMs used as the weapon. Obviously, the only way 
to prevent human exposure to these weaponized GMMs is to prevent their use. The 
1972 international Biological Weapons Convention (BWC) with 150 signatories un- 
fortunately has not been the last word on the development of weaponized GMMs (91 ). 
The threat from GM weapons will need to be met by vigilance of the international 
community to prevent such weapons from development and deployment. 

4 - 2 . Environmental Impact 

Although the number of GMMs released directly into the environment is currently 
relatively low, the large number of proposals to release organisms in the environment 
to remediate contaminated soils, improve soil fertility, manage pest control, and vacci- 
nate livestock and wildlife has prompted active research and regulation into the safety 
of released GMMs (92). Introduced here are some of the general concerns from differ- 
ent types of environmental releases, including determination of how to assess risk from 
released GMMs, methods to control the dissemination of GMMs, methods to monitor 
the impact of a GMM on microbial flora, and methods to monitor GMM activity. 

4.2. 1. Risk Analysis 

As noted in Section 3, risk analysis of a GMM minimally involves the magnitude of 
a risk multiplied by the likelihood the risk will occur. To address these two variables, 
risk assessment for GMMs released into the environment needs to answer several ques- 
tions (93): 
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1 . Are there potential hazards the GMM might impose on the environment? 

2. How likely is it that the potential hazard will actually happen? 

3. What are the consequences if the hazards are realized? 

4. What management procedures, if any, are needed to control the risk? 

5. What level of monitoring is necessary to confirm the risk assessment and determine whether 

control measures are efficacious? 

A flowchart for events that might lead to an environmental catastrophe was devel- 
oped by the US Office of Technology (94). In this scenario, (1) a hazardous gene is 
inserted into a microorganism; (2) the GMM escapes into the environment; (3) the GMM 
multiplies and establishes a niche in the environment; (4) the GMM produces some 
“factor” that causes disease or damage; and (5) the hazardous effect is manifested in 
humans or other hosts. Each step can be assigned a probability for actually occurring. 

In considering GMMs for release into the environment, it is imperative that the GMM 
demonstrate no adverse human health effects, be nonharmful to agricultural interests, 
and produce no irreversible damage to the ecosystem into which it is released (95). 
Therefore, before the organism is released, an environmental impact study must be 
conducted in a controlled environment, such as in growth chambers or in greenhouses 
(14). Data from these studies are used to identify the variables necessary to make a risk 
analysis of the release. In addition to any toxicological analysis of the GMM, a profile 
of the natural microbial population should be determined prior to the GMM release. 

There are several issues that need to be addressed when considering how a given 
GMM will behave in a complex environment. For the industry using GMMs, an impor- 
tant issue is determining if the organism actually completes its task in its complex 
environment and how long the organism remains active (96). Because of this need to 
maintain a stable form of the organism in the environment, safety concerns arise as to 
how that GMM will behave in an uncontrolled environment. First, an evaluation must 
be made to determine if conditions are favorable to permit cell growth beyond the 
release area. Once growth patterns are determined, an analysis must be undertaken to 
identify gene expression pattern changes when the GMM is released into the environ- 
ment (47). This might be the result of mutations that the GMM acquires as a result of 
stress factors from the environment. Such mutations could fundamentally change the 
niche of the organism (97 ,98). 

After the organism is evaluated, the impact the organism has on the local environ- 
ment must also be evaluated. For example, chemical and physical impacts on the envi- 
ronment need to be determined (99). Also, the impact generated by the GMM on 
indigenous microflora needs to be analyzed and evaluated (28,93,96,100). The GMM 
itself needs to be monitored both inside and outside the release area to assess local 
impact. To aid in this analysis, evaluation trees have been devised to determine the 
potential hazards of GMM releases (101). 

In comparison to GM plants, there have been relatively few GMMs released directly 
into the environment that can be used directly as case studies for safety assessment. An 
analysis completed in late 1998 of the OECD databases identified that only about 1% 
of intentional GMOs released were bacterial, 0.3% were viral, and 0.2% were fungal. 

Released GMMs included a variety of different organisms. Sinorhizobium (102,103) 
and Bradyrhizobium have been used to improve soil nutrition. Pseudomonas (104) has 
been used in a variety of plant or microbe model studies and to model GMMs released 
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into soils (10,105). Clavibacter xyli modified with the 5-endotoxin has been used in 
environmental releases in pest control (106,107). GMM release studies have also been 
carried out in animals, such as in the use of GM Lactococcus lactis in pigs ( 108). Viral 
GM releases to date include the use of recombinant baculovirus for pest control (109), 
of bacteriophages to trace and monitor pollution (110), and in recombinant vaccines 
for rabies control (19). Although not a comprehensive listing of all GMMs developed 
for environmental release, these examples give an overall indication of the types of 
organisms used for GMM releases. 

To provide a framework for the safe use of GMMs to be released into the environ- 
ment, the Safety in Biotechnology Working Party of the European Federation of Bio- 
technology developed a risk assessment classification system for the environmental 
release of GMMs (19). 

• Risk Class 1: GMM generally considered safe and highly unlikely to produce adverse 
effects. 

• Risk Class 2: GMM that may produce local adverse effects, but are generally unlikely to 
produce a serious hazard. This includes localized transient displacement of indigenous 
species and temporary minor biological or chemical changes to soils. GMM can be treated 
or controlled. The organism is unlikely to disseminate beyond the treated site. 

• Risk Class 3: GMM likely to produce serious adverse effects that act locally at the release 
site. GMM or application area can be treated or controlled. Impact includes a localized 
displacement of indigenous organisms and major changes in soil biochemistry that are 
restorable. The organism is unlikely to disseminate beyond the treated site. 

• Risk Class 4: GMM will likely produce serious adverse effects likely to disseminate beyond 
the treated site. GMM and its DNA persist at the site and may result in serious damage to 
the soil fertility and vegetation. No treatment or control of the GMM is available. 

When using GMMs in situ, care should be taken to ensure that the GMM does not 
become disseminated beyond its trial site. However, it may actually be impossible to 
restrict a GMM completely to its inoculation site (38). Wind (38), water (38,111,112), 
and insects such as grasshoppers (113), caterpillars (114), Southern corn rootworm 
(115), and earthworms (116) have all been shown to disseminate recombinant microor- 
ganisms from the initial inoculation site. It is reasonable to assume other physical pro- 
cesses that displace microorganisms will also actively transport GMMs to distal sites. 

It is also important to have a fundamental understanding of the biology of the organ- 
ism used to safely construct GMMs. Does the organism produce spores (i.e.. Bacillus, 
Clostridium, etc.) or enter a dormant state (i.e., Arthrobacter)! What are the physical 
growth requirements for the organism? How does the organism behave physiologically 
once it is stressed? What is its affected host range? All of these are essential questions 
that require answers before the organism is released (17,117). 

4.2.2. Environmental Releases of Recombinant Viruses Used as Vaccines 

In the United States, evaluations for the safe vaccination of organisms are reported 
through the “Summary Information Format for Environmental Release” and are car- 
ried out through the Center for Veterinary Biologists, which evaluates experimental 
vaccines. Because such vaccinations may include recombinant GMMs, their assess- 
ment is noted here. Several criteria are evaluated, including: (1) the location of the 
study; (2) the physical characteristics of the test site; (3) the qualifications of test per- 
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sonnel; (4) the design of the experiment; (5) the potential for dissemination of the 
organism; (6) the potential that the organism may become established in the environ- 
ment, and (7) contingency plans if problems arise in the study (58). Active programs 
have been developed to release GM vaccinia virus to eradicate rabies in fox, raccoon, 
and coyote populations in Europe and North America (118). An episode in which a 
woman in Ohio apparently became infected with GM vaccinia virus after removing 
bait laced with the virus from her pet dog has raised concerns about this practice (119). 

4.2.3. Pest Control Measures Using Released GMMs 

Several GMMs are under development for the use of pest management. These 
include mammal, insect, fungal, and plant pests (120-124). It is essential in the devel- 
opment of a risk assessment for pest control that the GMM is proven safe for humans 
and nontarget organisms before the release is conducted (124). Particular care should 
be taken to identify susceptible species indigenous to the release area. Microbes with 
especially broad host ranges should not be considered for pest control. 

When a pathogen is released into the environment to control pests, there is always 
the possibility that infected animals will be intentionally moved to areas outside the 
approved release area. In Australia, non-GM myxoma virus was released to control 
feral nonindigenous rabbits in the early 1950s (125). In 1953, a physician who wanted 
to control local native European rabbit populations released rabbits infected with the 
myxoma virus on his estate near Paris. The resulting infections originating from that 
release devastated wild rabbit populations in Europe, which in turn had an impact on 
local prey species and caused significant economic damage on rabbit farms in western 
Europe (126). Although not a GMM pathogen, similar events could lead to the spread 
of a GMM pathogen beyond its intended control area. 

4.2.4. Determining the Impact of Released GMMs on Microbial Ecology 

A relevant and complicated component of risk assessment in environmental release 
of GMMs is profiling the indigenous prerelease microbial populations as a basis to 
detect changes in biodiversity resulting from the released GMM. Analysis of microbial 
ecology is a developing science, and the protocols necessary to analyze total microbial 
populations have yet to be standardized. However, several methods have been estab- 
lished to characterize microbial communities affected by a released GMM (96). 
Examples include the use of protocols to monitor indigenous enzymatic activity 
(127,128); and the use of culture techniques (93,128-131 ), BIOLOG® GN microplates, 
and other metabolic analysis profiles (132-135), fatty acid profiles (136-139) and a 
wide variety of DNA or ribonucleic acid (RNA) analysis methods (129,140-153). Van 
Elsas and coworkers (154) extensively reviewed these and other methodologies de- 
signed to assess the effect of GMMs on diverse microbial ecosystems. Regardless of 
the method finally selected to analyze the impact of a released GMM on local micro- 
bial diversity, it is important to recognize that each protocol has its limitations. There- 
fore, it currently is not possible to derive a comprehensive picture of all the potential 
impacts from a released GMM. 

Data from release studies have already shown significant differences in microbial 
communities when comparisons are made between GMM strains and the equivalent 
non-GMM strains. In one study. Pseudomonas fluorescens CHAO significantly changed 
soil bacterial populations associated with cucumber roots (129). Likewise, Pseudomo- 
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nas putida GMM has been shown to have an effect on natural fungal flora not targeted 
specifically by the GMM (155). Impact studies have also been used successfully to 
analyze the effect of a GM baculovirus on a closed aquatic microbial community (134). 

4.2.5. Monitoring GMMs in Environmental Releases 

Monitoring GMM cell growth may be accomplished using a variety of methods, 
including the use of selective and differential media and the use of reporter genes to 
follow cell growth, immunoblotting, cell profiling, or molecular biology techniques. 
Many of these methods have been extensively reviewed (154,156 J57). Identification 
of released GMMs using detectable proteins offers both inexpensive and relatively 
simple protocols to detect microorganisms harboring DNA modifications. (3-Galac- 
tosidase (111 ,115,158-160), luciferase (96,105 ,161 ,162), xylE gene product (156,163), 
and green fluorescent protein (164,165 ) have all been used effectively for detecting the 
presence of released GMMs. 

Other enzyme markers have been proposed and used as methods to selectively iso- 
late GMMs from the environment. Certainly, the use of antibiotic resistance markers is 
a feasible method to follow released microorganisms, and such methods have been 
successful (41,166). However, both US and European agencies governing the use of 
released GMMs are making substantial attempts to limit, if not eliminate, the use of 
antibiotic resistance markers in released organisms (14). One of the alternatives under 
investigation is the use of selective genes such as those that code for metal resistance 
(158,167) and catabolic genes (168). 

Immunoblotting techniques have also been developed to monitor released GMMs. 
One of the advantages of a serological approach is that it permits the detection of both 
nonviable and viable cells (169). This approach is currently used to detect GM prod- 
ucts in foods (15). An alternative method of monitoring that offers similar advantages, 
although it is generally less sensitive, is lipid profiling of the environmentally released 
GMM (159,170). 

Increasingly, however, molecular DNA or RNA methods are the preferred protocols 
to monitor released GMMs. In addition to detecting the organisms, nucleic acid-based 
methods are able to detect the recombinant genes in other hosts, potentially identifying 
horizontal gene flow. There is a wide selection of methods available, including the use 
of Southern and Northern hybridization methods, polymerase chain reaction amplifi- 
cation, and gene-chip technologies (171-174). The use of existing sequences, such as 
ribosomal RNA, highly conserved and unique genes, or specifically engineered unique 
sequences is considered the best approach for molecular monitoring (39,156,170). 

4.2.6. Survival of GMMs and Their DNA in the Environment 

A critical consideration in determining safe release of a given GMM is determining 
whether the GMM is inherently more or less fit to survive in the environment (46). 
With the advent of recombinant strains, it was generally believed that recombinant 
organisms would be inherently less fit than indigenous bacterial flora; thus, GMMs 
would not persist in the environment. Some studies have demonstrated this phenom- 
enon (175). However, there are also data that show GMMs either as stable as non-GM 
forms (53,153,176,177) or with enhanced stability (160,178). Velkov (47) reasoned 
that persistence of GMMs or DNA from GMMs might result from a variety of different 
cellular processes, including adaptive processes associated with quorum sensing, acti- 
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vation of cellular responses that lead to resistance, and activation of hypermutagenic 
processes in the cell. Further, these processes might lead to persistence of the DNA 
itself via plasmid transfer to other species. Evidence has been found that some GMMs 
can be maintained in the environment for at least 6 years, even in the absence of their 
symbiotic hosts (179). Studies with recombinant genes in chromosomes or plasmids 
showed persistence, but generally on the order of a month or less (40,48,180). 

Likewise, the genetic stability of the GMM construct is an important consideration 
when determining risk factors. GM fungi, for example, normally have stable chromo- 
somal constructs (181 ). However, GM fungal strains may become unstable after selec- 
tive pressures are removed (182,183). It has been noted that fungi altered as weed 
control agents may change their host range as a result of a change in the genetic struc- 
ture of the GM fungi (184). This increased host range may represent a potential hazard 
in environmental release of GM fungi. 

4.3. Horizontal DNA Transfer 

One of the major safety concerns surrounding widespread use of GMMs is their 
ability to exchange DNA with other organisms in an uncontrolled environment (98). In 
the prerelease evaluation, studies should be undertaken to determine the stability of the 
construct as defined by its inability to transfer the construct horizontally to other or- 
ganisms. If any instability is identified in this analysis, release of the organism should 
be reevaluated. Likewise, during the release, frequent monitoring should be conducted 
to determine if the construct is stable (14). 

It has been well established that bacteria are capable of exchanging DNA between 
very distant species, even between Gram-positive and Gram-negative organisms (185- 
187). There is even evidence of horizontal transfer of bacterial genes to eukaryotic 
organisms (188). Of concern is that, once released, a given GMM may transfer its 
modified DNA to indigenous species. A short list of bacteria identified as capable of 
exchanging genetic material under “natural conditions” has been generated (189). 
These have been broken into four groups: Group I includes members of the genera 
Escherichia, Shigella (excluding S. dysenteriae), Salmonella, Klebsiella, Enterobacter, 
Citrobacter, and several Pseudomonas species; Group II includes several Bacillus spe- 
cies (Bacillus subtilis. Bacillus licheniformis , Bacillus pumilus. Bacillus globigii. Ba- 
cillus niger. Bacillus natto. Bacillus amyloliquefaciens, dinA Bacillus aterrimus); Group 
III includes members of the genus Streptomyces\ and Group IV includes members of 
the genus Nocardia. These studies have shown DNA can be readily exchanged be- 
tween members of the same group under natural conditions. 

Therefore, novel GMMs should be evaluated to determine whether recombinant 
DNA present in the GMM could be transferred to other species. This analysis needs to 
be completed prior to an environmental release (14,190). This precaution is necessary 
to minimize the chance that a transgene may be expressed and produce undesirable 
consequences from a novel combination of genes. Studies analyzing exchange of GM 
Pseudomonas DNA with other microorganisms in the rhizosphere and spermosphere 
showed that horizontal transfer could be greatly reduced if the genes are encoded in the 
chromosome rather than plasmids (181,191 ). The frequency of transfer increases when 
the trait in question provides a selective advantage for the host, such as resistance to 
bacteriophages; acts as a virulence factor; confers additional substrate utilization; or 
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provides a bacterial antibiotic (14,22). Fortunately, the frequency of transmission of 
DNA, even in “worse case scenarios,” is low (14,180). To minimize horizontal DNA 
transfer further, conjugal plasmids and transposons should be avoided in constructing 
GMMs used in environmental releases. 

4.4. Safety Issues of Foods Derived From GMMs 

A quarter of all food products are processed with the aid of microorganisms (23). 
This includes foods composed of living microorganisms, foods produced through fer- 
mentation, and additives that use microbial components. Potentially, many of these 
foods could benefit from recombinant technology, including improved nutritional 
value, simplified downstream processing, or increased stability of the food products. 
However, above all else, foods produced through recombinant technologies must be 
proven safe. 

Several factors need to be taken into account when considering the potential of GMM 
food safety, including (1) that the GMM is nonpathogenic; (2) whether it will colonize 
the human gut; (3) the possibility that the GMM will transfer its DNA to indigenous 
gut flora; (4) that the products produced from the GMM are safe; (5) that the vector 
components have an approved safe origin; (6) that genetic regulatory elements are safe 
to use; and (7) that specific foreign genes used in the GMM are safe (16). A few food 
additives are produced by GMMs, including chymosin, pectinases, and aspartame. 
However, there are proposals to develop several other GMM foods or GMM-derived 
food products, notably in the production of cheese and buttermilk (192). 

Safety of foods produced via GMMs was studied extensively in the European Union 
through a joint commission of the FAO and WHO. Collectively, a joint report was 
generated to develop standards to assess the safety of GMM foods (24). In their delib- 
erations, foods containing viable or nonviable GMMs and those produced by fermenta- 
tion were considered. This excluded highly purified food additives such as vitamins 
and GMMs used in the agricultural production of these foods. Additional regulations 
on novel food products have been published elsewhere (193). As discussed in Section 
5.1, GMM food safety in the United States is covered by the FDA, in Australia and 
New Zealand by the Australia New Zealand Food Authority, and in Canada by Health 
Canada (194). 

To identify potential hazards arising from the use of GMMs, a full accounting needs 
to be made of the host organism used, DNA donor organism used, specific biotechnol- 
ogy processes used to engineer the GMM, stability of the construct, and the specific 
genetic modifications used to make the GMM (24). Comments and concerns arising 
from the initial listing of the components of the GMM should be addressed through 
examination of the GMM and food product. Once an initial analysis of the GMM is 
completed, information regarding the impact of the novel GMM and GMM-derived 
food product on human metabolism, both from direct ingestion and indirect exposure, 
needs to be reported properly. To make an accurate assessment of the potential risk 
from the GMM-derived food, a determination must be rendered as to the amount of 
product to be consumed (24). 

Specific attention has been brought to the use of antibiotic resistance genes in devel- 
oping GMMs for food processing. Because such genes are widely used in processes to 
develop GMMs, there is a significant concern that the use of such genes could contami- 
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nate and transmit antibiotic resistance to normal host flora or even pathogenic organ- 
isms. Therefore, it is strongly recommended that the use of antibiotic genes be avoided 
in developing GMMs for food purposes ( 24 , 59 ). Another concern is that the genetic 
modifications might activate the production of a toxin not found in the nonmodified 
strain. It is also conceivable that modifications of the organism can change its nutri- 
tional profile, thereby making it a less desirable strain than the nonmodified form. As 
noted in Section 4.1.3, arguments have also been made that GMMs need to be scruti- 
nized particularly for their ability to cause human allergies, and that an assessment 
needs to include all populations, including those that individuals who are immune com- 
promised ( 24 , 64 ). 

The method widely used to assess GM food safety follows the homologous concepts of 
substantial equivalence and substantially similar in the European Union and the United 
States. Through these principles, food safety involving GMOs is determined by directly 
comparing the GM and non-GM versions of the food product. This methodology has been 
adopted by the WHO, OECD, FAO, and FDA. The adoption of these concepts is not 
without its detractors. However, WHO and FAO insist that the substantial equivalence 
concept is intended to be developed as an initial analysis of the GMO food, not necessar- 
ily as a determinative evaluation of its safety ( 23 ). This approach has been developed in 
large part because of the difficulty in applying conventional toxicology to determine the 
safety of any given GMM food. A typical investigation of a novel GMO food product is 
likely to include an in vitro analysis of the organism, a detailed analysis of the food prod- 
uct, and an analysis of the consumed product. It has therefore been proposed through 
FAO and WHO that both the GMO and the resulting food product be appraised separately 
using the principle of substantial equivalence to evaluate food safety ( 24 ). 

If living microorganisms themselves are used in the food product, such as is true of 
many dairy products, there is a reasonable concern regarding the impact of the GMM 
on the microbial flora of the gut. The organism could potentially transfer its recombi- 
nant DNA to indigenous flora of the gut or alternatively may interfere with complex 
interactions between different microbes. These concerns have been extensively ana- 
lyzed and studied in lactic acid bacteria ( 195 ). It is also possible that recombinant genes 
may be transferred into pathogenic organisms and convert opportunistic pathogens into 
pathogenic forms. Opportunistic microorganisms may also become pathogenic if the 
natural inhibitory effects of the normal microbial flora are altered ( 24 , 26 , 195 ). Meth- 
odologies similar to those previously noted to evaluate complex ecosystems for envi- 
ronmentally released microorganisms may need to be investigated prior to producing 
viable GMM foods. 

For novel GMMs and GMM products that cannot be determined using the substan- 
tially similar methodology, it will be necessary to use more extensive toxicological 
analysis called for through the precautionary principle ( 95 ). These assays will nor- 
mally include general chemical analysis, animal testing, cytotoxic evaluation ( 196 ), 
antinutrition analysis ( 26 , 44 ), and carcinogenic investigation ( 14 , 20 ). For these foods, 
a case-by-case analysis will be necessary to evaluate human risk from exposure. Foods 
produced following either philosophy should be further analyzed by monitoring human 
populations to identify abnormal pathologies in susceptible individuals. 
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In contrast with the US regulations, since 1977 EU regulations have stipulated that 
viable GMOs must undergo regulatory approval requiring extensive documentation of 
the product’s safety. Guidelines for safety using GMMs have been established for a 
variety of different GMMs for food processes; many of these have been published 
(16,22,26,30,32,197-199). Following the recommendations put forth in the Interna- 
tional Life Science Institute Consensus Guidelines, decision trees for assessing the 
safety of GMMs used in food have been developed. These decision trees are initially 
used to classify food GMOs into three risk groups termed the Safety Assessment of 
Food by Equivalence and Similarity Targeting (SAFEST). The different classes of 
SAFEST GMMs are noted next. 

SAFEST Class 1 GMO foods are those in which no foreign DNA has been intro- 
duced, and the gene expression pattern is the same as for the unmodified organism. 
These organisms are considered substantially equivalent to the nonmodified safe mi- 
croorganism. 

SAFEST Class 2 GMO foods are those sufficiently similar to traditional foods. Such 
products are then assessed on their intended differences, with most of the analysis 
directed to evaluate the nature and consequences of the genetic differences. 

SAFEST Class 3 GMO foods are for novel products for which there are no safe 
traditional foods to compare the GMM food product. Foods belonging to this category 
will require the most extensive testing to determine the safety of both the GMM foods 
and the GMM organism. Presumably, extensive toxicological investigation of the prod- 
uct will need to be undertaken, including the use of animal models. Because these 
foods will likely be extensively tested using conventional analysis protocols, it is less 
likely that the doctrine of substantial equivalence would be used in their assessment. 

5. Regulations Addressing Safe Uses of GMMs 

Listed in this section are general rules and philosophies covered by different interna- 
tional agencies to develop and maintain safe workplaces and safe use of GMMs. It is 
important that researchers using GMMs adhere closely to safety rules and recommen- 
dations when working with any organism that has a perceived risk. Indeed, there is a 
direct correlation between laboratory personnel who had fewer infections originating 
from laboratory strains and showed more awareness and concern about infectious 
agents used in their work, more readily identified hazards in their workplace, and gen- 
erally maintained an enhanced respect of safety matters than those who generally 
reported more laboratory accidents (17,200). Although GMM safety regulations vary 
in different nations, a representative list is noted here. Individuals working with GMMs 
need to determine the specific agencies and adhere to regulations covering their work. 

5. 1, United States and GMM Safety Regulations 

In the United States, the use of GMMs is controlled by several government agencies, 
including the EPA, the FDA, the USDA, and the National Institutes of Health (NIH). 
The EPA generally regulates uses of GMMs that might have a potential impact on the 
environment; the FDA oversees GMMs used in food and pharmaceutical production; 
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the USDA regulates GMMs that have an impact on agriculture; and the NIH primarily 
is responsible for GMMs used in developing or studying issues related to human health. 
A brief look at each agency’s contribution to GMM safety regulation follows. 

5.1.1. The Environmental Protection Agency 

In the United States, safe use of GMMs in industrial settings such as environmental 
releases, biofertilizers, and bioremediation is regulated by the EPA (102). In a. publica- 
tion, “Biotechnological Program Under Toxic Substances Control Act,” (www.epa.gov/ 
opptintr/biotech/biorule.htm) GMMs such as those used commercially in biotechnol- 
ogy are defined as “intergeneric” and as defining “new” organisms. Before interge- 
neric organisms are used for commercial means, companies must first submit, 90 days 
prior to use, a document, “The Microbial Commercial Activity Notice” to the EPA. 
During this 90-days period, the EPA makes a determination on the document submit- 
ted. Likewise, the EPA also evaluates environmental releases of GMMs. At least 60 
days prior to field tests, the experimental release application “Biotechnological Pro- 
gram Under Toxic Substances Control Act” (www.epa.gov/biotech_rule/pdf/t8669.pdf) 
must be properly submitted. 

5.1.2. The National Institutes of Health 

The NIH likewise has developed strict guidelines for the use of recombinant organ- 
isms and enforces its rules under the Office of Recombinant DNA Activities (201 ). The 
approach taken through the NIH is to work directly with institutional biosafety com- 
mittees by developing and institutionalizing standards of containment, both biological 
and physical. The office has identified four levels of GMM risk groups. 

• Risk Group 1: Microbes not associated with disease in healthy adults. 

• Risk Group 2: Microbes associated with human diseases that are rarely serious and are 
generally readily controllable through therapeutic or preventative measures. 

• Risk Group 3: Microbes associated with serious human disease that may be controllable 
through therapeutic or preventive measures. 

• Risk Group 4: Microbes associated with serious human diseases that generally lack effec- 
tive therapeutic or preventative measures. 

Using these criteria, the NIH has classified a wide variety of microorganisms into 
these risk groups. A few examples from each risk group are identified Table 1. The 
ranking of organisms through these guidelines is designed to maintain the appropriate 
safe handling of specific GMMs. Several general and specific species of bacteria have 
been designated as generally exempt from the NIH guidelines for inter- and intraspe- 
cies introduction of DNA, provided the appropriate biosafety level for the host is fol- 
lowed (Table 2). 

5.1.3. US Department of Agriculture 

The USDA’s GMM safety regulations are primarily directed at recombinant micro- 
organisms that are plant pathogens. Permits to use such an organism are handled 
through the Animal and Plant Health Inspection Service (APHIS) of the USDA. APHIS 
issues two types of permits pertinent to GMMs: those required for field testing of the 
potential plant pathogen and those required to bring a GMM plant pathogen into the 
United States or between US states. Permits for environmental testing must document 
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Table 1 

Examples of Pathogenic Microorganisms Classified by Risk Group 



Risk Group 1 
Risk Group 2 



Risk Group 3 



Risk Group 4 
Source: From ref. 201. 



Escherichia K-12, Bacillus subtilis, adeno-associated 
virus types 1 and 4 

Bacillus anthracis, Bordetella spp, Campylobacter spp, 
Escherichia coli 0157:H7, Klebsiella spp, Listeria, 
Mycoplasma spp, Neisseria gonorrhoeae, Salmonella 
spp. Staphylococcus aureus, Treponema pallidum. 

Vibrio cholera, Blastomyces dermatitidis, adenovirus, 
coronaviruses, hepatitis (A, B, C, D, and E), 
measles virus, mumps virus, rabies virus, rubella 

Brucella, Chlamydia spp, Coxiella burnetii, 

Mycobacterium tuberculosis, Rickettsia spp. Yersinia 
pestis, Coccidiodes immitis, Histoplasma capsulatium, St. 
Louis encephalitis. Rift Valley fever virus, yellow fever 
virus, monkeypox virus, prions, human immunodeficiency 
virus (HIV), human T-lymphotrophic virus (HTLV), 
simian immunodeficiency virus (SIV) 

Lassa virus, Machupo virus, Ebola virus, Marburg virus 



Table 2 

Examples of Bacteria Exempted From National Institutes 
of Heaith Regulatory Guidelines 



Escherichia 


Bacillus spp^ 


Shigella 


Streptomyces sppa,^ 


Salmonellal Arizona 


Streptococcus spp^ 


Enterobacter 


Serratia marcescens 


Citrobacter! Levina 


Yersina enterocolitica 


Klebsiella 


Erwinia 


Pseudomonas spp^ 





Source: From ref. 201 , Appendix A. 

^For complete list, see ref. 201 . 

^Includes members with limited host ranges. 



complete information on the organism, including sources and identification of all new 
genes used, reasons for the study, design of the study, and procedures to prevent dis- 
semination of the organism from the test site. Permits for transportation of GMM plant 
pathogens require documentation on the organism, sources and identification of all 
new genes used, and how the organism will be used. APHIS, as part of its safety analy- 
sis, prepares an environmental assessment document for field tests. For movement per- 
mits, APHIS constructs a preliminary pest risk assessment, contacts the appropriate 
state department of agriculture, and conducts an on-site inspection of facilities along 
with state inspectors ( 202 ). To simplify the process of future biotechnology regula- 
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tions, risk assessment and permit issuing will be handled exclusively through the Bio- 
technology Regulatory Services unit of the APHIS. 

5.1.4. US Food and Drug Administration 

In 1972, the FDA published policy statements used to regulate foods derived from 
GMOs. In this document, the FDA determined that GMO foods that are not substan- 
tially different from their non-GM counterparts are determined as generally recognized 
as safe (GRAS). If a substance derived from a GMO is intentionally added to a food 
and is not determined as GRAS by the FDA, it is considered a food additive. Food 
additives, unlike GRAS products, are subject to review by FDA prior to use in foods 
(59). The FDA suggests, but does not require, that comparative structural analysis of 
the GM protein be compared to known allergens. The FDA recommends that antibiotic 
marker genes used in the production of foods not contaminate food products. The FDA 
also urges care that antibiotic resistance enzymes present in the GM foods not reduce 
the efficacy of oral antibiotics (59). The FDA noted that chymosin, the first GMM food 
product, was granted approval because the organism and antibiotic resistance gene were 
destroyed in the manufacturing process, and the products were nontoxic (203). 

For drugs produced in GMMs, regulation is not significantly different from those 
drugs produced in non-GM sources. The source organism and any resistance genes 
must be noted, and the final product should not show detectable levels of the antibiotic 
used in the fermentation process. The FDA also regulates GMMs to be used in gene 
therapy trials (204). 

5.2. International Regulations and Safety 

Internationally, GMM safety is regulated by a host of national and international 
agencies. In many circumstances, non-US regulatory agencies have adopted regula- 
tions that parallel those in the United States. For example, the Japanese regulations on 
medically relevant GMMs were developed on principles delineated through the NIH 
(201), but do differ in specifics of the organisms covered (205). Likewise, the OECD, 
an international consortium with member states that include 17 European nations, 
Canada, the United States, Japan, Australia, and New Zealand, develops international 
safety guidelines for agricultural, industrial, and environmental release of GMMs that 
parallel regulations in the United States, yet differ in specifics (206,207). Other multi- 
national organizations involved in determining or advising on safety policies of GMMs 
include the WHO, FAO, and International Food Biotechnology Consortium. 

To specifically address EU GMM users’ regulations, several directives were issued 
that pertain to the safe use of GMMs. These directives include the commercialization 
of GMMs used as plant protection agents (Directive 91/414/CE), the manipulation of 
GMMs under contained environments (Directives 90/219/CE and amended portions in 
94/5 1/CE and 98/8 1/CE), and the deliberate release of GMMs into the environment 
(90/220/CE) (14). 

6. General GMM Safety Considerations 

Specific protocols and equipment are necessary to use GMMs safely in research and 
production facilities. Although reviewed in detail elsewhere (17), a. general outline is 
provided here. The emphasis here is on (1) developing safe practices in the GMM 
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facility; (2) developing control structures to prevent aerosols; (3) methods to contain 
GMMs; and (4) methods to protect personnel. 

6. 1, Containment Equipment 

Fermenters, centrifuges, and centrifuge bottles are the primary containment barriers 
used to prevent the dispersal of microorganisms (208). Biological safety cabinets of the 
various classes are used to provide varying degrees of protection. Class I cabinets are 
designed with open hoods with inward air flow. Class II cabinets are laminar flow 
hoods designed with inward flow with the supplied HEPA (high-efficiency particulate 
air) filter, and Class III cabinets or Glove boxes are designed to provide entirely en- 
closed systems (209). Selection of equipment should be appropriate for the level of 
work done in the laboratory or facility. 

6.2. Containment Faciiities 

Containment facilities provide the physical workplace for personnel using GMMs. 
The facilities should be designed to provide protection of those workers and prevent 
dissemination of the GMM beyond the immediate facilities into the environment. 
Included in this area are the physical barriers in the facility controlling air movement, 
differential air pressures used to contain GMMs, and equipment to treat GMM-con- 
taminated wastes. To contain GMMs that represent different hazard levels, four classes 
of containment facilities have been developed. The following classes represent a com- 
bination of NIH and Japanese containment structures (89,205): 

• Biosafety Level 1 (BL-1); PI (Japan): These containment systems are designed for use of 
GMM organisms that do not cause human disease and that work with organisms identified 
as NIH Risk Group 1. Biological safety cabinets are not required; work may be conducted 
in open laboratories using nonporous bench tops. Decontamination of work surfaces takes 
place daily and after spills. All contaminated liquid or solid materials are decontaminated 
before reuse or disposal. General laboratory practices include the use of mechanical 
pipetting devices and the wearing of protective coats, which should only be used in the 
laboratory. Eating, drinking, and smoking are prohibited, as is the storage of food in the 
laboratory. 

• Biosafety Level 2 (BL-2); P2 (Japan): These containment systems are designed for GMMs 
or their DNA derived from NIH Risk Group 2 organisms. These are GMMs that pose some 
level of identifiable risk. Generally, work must be carried out in biological cabinets or chemi- 
cal fume hoods, but work that does not generate aerosols may still be conducted on the open 
bench. Other regulations are similar to those of BL-1. Laboratory should be posted as BL-2. 

• Biosafety Level 3 (BL-3); P3 (Japan): These are containment systems designed for GMMs 
and their DNA included in NIH Risk Group 3. Organisms at BL-3 are associated with 
significant risk to personnel. The facilities contain physical barriers, including sealed 
walls, floors, and ceilings. A biosafety laminator flow hood or glove box is used when 
manipulating viable cultures. There should be limited access to the facilities. Airflow is 
regulated to produce “negative pressure” within the facility and is appropriately discharged 
outside the facility. Lab coats or gowns should be autoclaved before laundering. A hazard 
sign needs to be posted identifying the class of organisms used. It is suggested that baseline 
serum samples be stored for persons at risk; periodic sampling may be collected to deter- 
mine exposure. Although this principle was noted in Japanese protocols and not in NIH 
documents, it seems a logical precaution and so is noted here. 
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• Biosafety Level 4 (BL-4); P4 (Japan): These facilities represent the highest level of con- 
tainment and are designed to protect personnel from extremely hazardous NIH Risk Group 
4 organisms. These facilities are designed to be isolated completely from other parts of the 
facility, including physical barriers, ventilation, and waste treatment. Personnel change 
clothes and shower as they enter and exit the facility ( 89 ). 

Other general practices should be followed when using GMMs. Microbial cultures, 
of course, should be maintained and manipulated using aseptic technique to minimize 
the possibility of contamination and therefore cross contamination of the GMM DNA 
(210). For maintenance, cultures should be properly stored frozen, cryogenically in or 
over liquid nitrogen or in a conventional freezer. Specimens can also be safely stored in 
a lyophilized form, but care must be taken to ensure the lyophilizer itself does not 
become contaminated with the GMM (89). 

Management of waste streams is of particular concern in the biotechnology indus- 
try. GMMs can be effectively controlled through conventional methods to eliminate 
microorganisms, such as proper autoclaving procedures. However, these techniques 
are typically ineffectual at breaking down DNA to the monomer level. Most DNA, 
notably chromosomal DNA, will typically be degraded rapidly by DNases in the envi- 
ronment (21 ,211 ,212). However, some DNA is stable in fragmented form or as super- 
coiled forms, such as plasmids, for extended periods of time. The method suggested to 
minimize hazards from escaped GMM DNA is to use DNA exclusively from GMMs 
classified as nonhazardous and that do not contain mobile DNA. Finally, a full 
accounting of product production, recovery and processing, waste management, and 
accident reports should be completely documented. Methodologies for decontamina- 
tion materials and accidents have been reviewed (21 ,89). 

6.3. Large-Scale Fermentation of GMMs 

The OECD Council has laid out several principles to minimize general risk from 
GMMs used for large-scale industrial purposes. These principles, based on those de- 
veloped for use of organisms in small-scale production, represent sound management 
of GMMs to minimize potential risks involved. Further, to be considered safe by the 
OECD, the microorganisms must have several traits that are deemed essential. The 
GMM (1) must be nonpathogenic; (2) must not harbor known viruses or co-contami- 
nating bacteria; (3) must have been extensively used safely in a non-GM form for 
industrial purposes; and (4) must be unable to grow outside its industrial setting. The 
foreign DNA used in the host should be of limited size to minimize the inclusion of 
nonessential DNA; it should not provide additional stability to the construct unless 
such stability is essential for the construct’s function; it should not permit increased 
mobility of the construct; and it should not confer resistance to other organisms that do 
not already possess the resistance. Finally, the GMMs themselves should not contain 
any deleterious properties. 

To implement industrial GMMs safely, a series of principles termed the good indus- 
trial large-scale practice principles has been developed: 

1. Exposure of GMMs and GMM products should be kept at levels appropriate for the 
organism used, the process developed, and the product produced. 

2. Dissemination of the organism must be maintained through appropriate preventive engi- 
neering protocols and equipment. Use personal protective devices and clothing as needed. 
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3. Keep control equipment properly maintained through appropriate testing. Evaluate con- 
trol protocols frequently to match the intrinsic nature of the GMM, the product produced, 
and the process used. 

4. Monitor for the presence of viable organisms and their molecules outside its controlled 
environment. 

5 . Personnel involved in production and handling of GMMs need to receive proper training 
and have sufficient experience. This training and experience needs to be documented 
appropriately to ensure the safety of the production of the GMM. 

6. A biological safety committee that consults with external regulatory committees should 
be established. This safety committee distributes its findings to worker representatives. 

7. To ensure a philosophy of safety at the facility, a code of safe practice should be devel- 
oped and implemented. 

6.4. Small-Scale Field Release 

The OECD has also developed safety practices, termed good developmental prin- 
ciples, for basic and applied research involving development of GMMs and for small- 
scale research field studies (207). The good developmental principles are similar to the 
good industrial large-scale practice principles and are similar to previous practices de- 
scribed elsewhere (207). The following is a summary and interpretation of the OECD 
principles: 

1. Minimize levels of GMMs and GMM products at levels appropriate for specific field 
experiments. 

2. Prevent the dissemination of the organism beyond the test area through appropriate proto- 
cols and equipment. 

3. GMMs need to be monitored within the research site both during and after the experiment. 
Safe protocols should be developed to control the GMM at any step in the process to 
prevent harmful environmental effects. 

4. Monitor for the presence of GMMs and their molecules outside the test area. 

5. If GMMs are detected outside the test area, control methods must be implemented to 
prevent further contamination. 

6. Appropriate protocols must be developed to terminate the experiment and properly dis- 
pose of waste generated in the experiment. 

7. Personnel involved in production and handling of GMMs need to receive proper training 
and have sufficient experience to handle the GMMs safely. 

8. Appropriate documentation needs to collected and maintained for all experimental trials. 

6.5. Development of Suicide GMMs 

One of the concerns regarding GMM releases is the possibility that they will linger 
in the environment long after their desired activity is completed. A further concern is 
that these organisms will continue to multiply and leave the release site. One method to 
prevent this outcome is to design a bactericidal mechanism into the GMM. However, 
the bactericidal trait introduced into the GMM needs to be sufficiently stable to mini- 
mize the possibility of revertants (213). 

One promising direction in preventing the controlled growth of released GMMs is 
the adaptation of the TOL benzoate mineralization pathway for suicide activation. By 
utilizing the family of genes, it has been proven possible to develop GMMs that 
will undergo controlled cell death (213-217). Three members of this gene family, in- 
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eluding the E. coli hok, relF, and gefgtms, effectively cause cell death by activating a 
cascade in the cell that leads to disruption in the cell’s membrane potential, causing an 
influx of periplasmic RNase into the cytoplasm. The constitutively expressed hok (host 
killing) is normally blocked by the antisense RNA gene sok (suppression of killing). 
To use this system effectively in a GMM, sok is deleted or mutated to prevent its ex- 
pression, and an inducible promoter replaces the hok constitutive promoter. Alterna- 
tive suicide systems have been developed based on the E. coli relF gene (218) and 
streptavidin-based system (219). Both systems were developed for use in P. putida, an 
organism more relevant than E. coli in environmental release. The E. coli relF system 
has been tested in both seawater and soil models (218). 

Additional suicide systems have been developed for this purpose (220). However, 
all such induced- suicide systems remain highly ineffective. Even under laboratory con- 
ditions, there is still a significant survival rate (10"^) for the hok system. The relF and 
streptavidin-based suicide systems have reported cell resistance in the 10^ to 10^ range 
(218). Although the relF and streptavidin-based systems have proven significantly more 
effective than the hok systems in suicide activation, their optimum efficiencies were 
obtained using isopropyl-(3-D-thiogalactopyranoside induction, which would be imprac- 
tical in an environmental release. Other induction methods may be developed to acti- 
vate these killer genes in environmental systems. For example, linking these suicide 
systems to stress-induced control systems (157) or activation using the depletion of a 
substrate, such as a pollutant, (221) would be reasonable alternatives. 

Alternative killing methods have also been developed. For example, the use of bac- 
teriophages specific for a given GMM is potentially an effective way to control released 
organisms. Studies using the bacteriophage PhiR2f against GM P.fluorescens showed 
a 1000-fold reduction of cells in simulated soil environments (39). In another approach, 
phage-resistant and rapid-ripening lactic cocci used in the production of cheese have 
been engineered with lysin, which autolyses the culture after the stationary phase (29). 
This technology might be adapted in other organisms for environmental release. 
Finally, recombinant technologies have been used to engineer suicide fungal patho- 
gens such as Fusarium, which is used as for biocontrol of parasitic broomrape weeds. 
Specifically, the fungus is engineered to be asporogenic (222). These fungal GMMs 
are constructed through deletions in sporulation genes and are engineered as such to 
prevent the organism from spreading beyond the release site. 

7. Ethical Issues and GMMs 
7- 1. Introduction to Ethical Issues 

Ethical issues involving GMMs are both complex and contentious, involving parties 
with different attitudes and understanding of the issues (223,224). Reiss (225) argued 
that not all ethical arguments are equal, and that ethical conclusions need to be based 
on reason, established ethical principles, and general consensus. The use of GMMs 
focuses in general terms on issues that look at the potential consequences of using 
GMMs (for example, damage to an ecosystem, introduction of antibiotic resistance 
genes) and that are intrinsically wrong (“polluting” the world with GMMs or their 
DNA). Researchers and end users of GMMs generally develop safety protocols to ad- 
dress the potential consequences of the genetic modifications present in GMMs and 
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usually do not identify GMMs themselves as intrinsically wrong. This in turn drives 
much of the conflict generated between the different sides in the GMM debate. 

Some ethical issues primarily have an impact on personnel and institutions using the 
technology. For example, are GMMs truly patentable? At what point does the control 
of recombinant technologies through patents and litigation begin to impact seriously 
the very science from which they were designed? When GMMs are constructed in 
universities or other research institutions receiving public funds, who ultimately con- 
trols the profits and intellectual property derived from the GMMs? And, does a corpo- 
ration have the right to withhold technologies based on intellectual property that could 
legitimately help developing nations? 

Alternatively, there are ethical issues that are of more concern to the general popula- 
tion. Should people be eating GMM-derived foods? Just how “safe” are GMM foods? 
Should the environment be polluted with GMMs and GMM DNA? Could an environ- 
mental release be catastrophic? Should a person be compelled to accept GMM prod- 
ucts even if they have strong personal convictions to the contrary? What will be the 
consequence of those who use non-GMMs and must now document that their products 
are GMM free? Who will have control and who will regulate safety issues? On balance, 
it also needs to be asked, if GMMs have this incredible potential and have demon- 
strated such little risk, is society overly cautious and missing out on the potential ben- 
efits afforded by GMMs? An accounting of many of these issues has been outlined 
elsewhere (226). Because it is not possible to address all of these ethical issues, a sub- 
set of them is discussed. 

How do ethical issues involving GMMs develop? The impact that GMMs have on 
the environment is an excellent example. The introduction of GMMs or their DNA into 
the environment will likely have some impact on the local microbial flora and, if not 
properly controlled or monitored, potentially may cause harm outside the control area. 
Such an event might introduce an undesirable gene, such as an antibiotic resistance 
gene, into the environment, which in turn might have an impact on human health 
through increased antibiotic resistance. It is then conceivable that the gene could be 
picked up by a pathogen, ultimately resulting in harm or death to individuals. It is easy 
to understand why an environmental release leading to increased antibiotic resistance 
of pathogens and human death is deemed immoral. How these concerns are addressed 
by GMM developers and regulators will ultimately determine how widely accepted 
GMMs will become (223). 

Other examples of GMM use less clearly demonstrate “harm.” Which ethical issues 
result from actions that have no direct bearing on humans? For example, releasing a 
large number of GMMs might locally disrupt a natural ecosystem by interrupting a 
specific soil predator-prey relationship. If the action changes the soil, somehow mak- 
ing it less fertile, it can be said to damage the soil’s “instrumental value.” This phrase 
refers to the value of the nonhuman world in terms of its usefulness to humans (12). 
Even if the disruption has no direct bearing on human health, human agriculture, or 
other human activity, it still can be acknowledged as causing a change in the intrinsic 
value of the site. In other words, inherent value can be derived from the nonhuman 
world itself (12). Concerns for the intrinsic value of the earth in combination with the 
instrumental value drive much of the ethical debate regarding environmental issues. 
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In approaching issues of bioethics and GMOs, it is important to realize that this field 
of knowledge is unlikely to produce an ultimate resolution that will satisfy all parties. 
Reiss (225) established a framework that delineates a general standard for “ethical 
conclusions” by suggesting that they should be based on reason, use well-established 
ethical principles, and be derived from a general consensus. Although these may be 
difficult to formulate, a consensus on how to define these three principles should serve 
as a useful guideline to evaluate GMMs. 

7 - 2 . Public Concerns and Governmental Philosophies of GMMs 

Pharmaceutical products made from GMMs are generally well received and do not 
receive much condemnation (14). This is not generally true for GM foods (224). Sur- 
veys conducted in 1999 to 2000 in Switzerland, the United Kingdom, and the United 
States showed a marked difference in US and European responses to GM food prod- 
ucts. Whereas in the United States only 2% of the public felt that GM foods were a 
potential risk, 59% of Europeans shared this view (227). To a. great extent, in Europe 
food is not simply the fuel that drives bodies; it has a cultural value as well (33). It has 
also been speculated that the difference in European and American views is based on 
wider support in the United States of agencies that regulate GMMs, such as the FDA. 
By contrast, the European experience includes a series of unrelated serious biotechnol- 
ogy incidents (noted in this section) that have led to deep public mistrust of EU regula- 
tory agencies. In both the United States and the European Union, approaches to 
convince reluctant populations as to the true merit and safety of GMMs and GMM 
products need to be conducted via a well-meaning and thorough dialog with the public 
rather than the paternal approach frequently used in this debate (33). 

Another major problem currently facing the US vs European approaches to GM 
food safety issues are the conflicting philosophies of how safety should be determined. 
In the United States, GM foods are generally considered safe using the principle of 
substantial equivalence in that the GM food is essentially the same as the unmodified 
form. The FDA is far more supportive of GM foods than EU or Japanese granting 
agencies. This is indicative of the relative high percentage of GRAS status granted to 
the US GM food producers. The European model currently follows the precautionary 
principle, suggesting that a GM food or other GM food product must first be deter- 
mined safe before it is released into the market (33,34). Not surprisingly, in the United 
States, significantly fewer regulations detailing the specific use of GMMs have been 
generated than in Europe (59). In 1996, the FDA produced a document. Safety Assur- 
ance of Foods Derived by Modern Biotechnology in the United States, that outlines this 
philosophy: 

“Based on our present knowledge of developments in agricultural research, we believe 
that most of the substances that are being introduced into food by genetic modification 
have been safely consumed as food or are substantially similar to such substances. There- 
fore, we do not anticipate that most newly added substances in bioengineered foods will 
require premarket approvals (59, p.3).” 

This statement is not without substantial supportive data. The FDA rules are the 
result of intensive analysis of GM foods over the last 25 years. To date, despite exten- 
sive analysis, no GM food product brought to the market has shown adverse health 
effects. It is also clearly in the best interests of biotechnology companies to maintain 
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the safety of their products as documented that “no other foods in history have been 
tested and observed as diligently as the foods developed from modem biotechnology” 
(52, p.225j. Although the current FDA regulations do not require extensive testing, the 
FDA does specifically address concerns about limiting the use of antibiotic resistance 
genes in food products. The FDA noted that fermentation products, such as chymosin, 
which are made with GMMs containing antibiotic resistance genes, must demonstrate 
that they are free of “transforming DNA” (59). 

The cautious EU/Japanese approach arguably stifles research and production of 
GMM products that may be beneficial. The US model leaves itself open to criticism of 
a laissez-faire policy regarding GMM regulation, leaving too much control of safety in 
the hands of the industries that develop GMMs. However, an alternative safety model, 
similar to those developed for evaluating pharmaceuticals, lies between these two ex- 
tremes (33). In this approach, initial safety analysis requires physicochemical, biologi- 
cal, pharmacological, toxicological, and clinical testing of the product; this analysis is 
conducted and financed by the developing industry. This process is followed up through 
government epidemiological analysis, which acts as a population monitor to detect 
undesirable side effects. Finally, national agencies that specifically monitor the GMMs 
evaluate the product over the long term (33). 

In a similar approach, the OECD has developed the concept of familiarity in utiliz- 
ing GMMs. Familiarity is based on overall knowledge acquired from (1) the host or- 
ganism itself; (2) the environment in which the GMM is to be used; (3) the life cycle of 
the organism; and (4) criteria used in its construction (15,42). Through familiarity, 
researchers and regulatory agencies can develop risk assessment based on previous 
knowledge and experience (30). Using this approach, industrial GMMs can adopt the 
concept of familiarity as “an extended history of safe industrial use” (206) and agricul- 
tural GMMs can adopt the phrase of “an extended history of safe agricultural use” to 
develop safe GMMs (42, p.l6j. 

Other concerns and issues of bioethics also spring from recombinant technologies. 
In spite of almost 30 years of developing GMMs, there is still a significant level of 
distrust in the general population of this technology (52). Although generally accepted 
in the production of medicines, such as recombinant vaccines and other therapeutic 
proteins, there is widespread fear of GMMs used as foods or in the production of food 
additives (228). In part, this is a reflection of serious mistakes made in nonrecombinant 
biotechnology. Events such as mad cow disease and hoof and mouth disease outbreaks 
centered primarily in the United Kingdom, dioxin contamination of meats and poultry 
in Belgium, and the Starlink com gene contamination in the United States and Mexico 
have convinced a large part of the population that biotechnology and, by association, 
recombinant technologies are inherently unsafe (13,14,223). This connection of unre- 
lated events may seem counterintuitive to those familiar with their actual causation. 
Nonetheless, these examples are frequently used in arguments directed against GM 
products. 

Likewise, GM agricultural biotechnology has become engrained with the politics of 
globalization and the power of multinational agriculture industries (229). Although a 
significantly larger issue in Europe, there are vocal advocates in North America and 
Latin America who likewise fear the development of GM food products (229). If GMMs 
are to be developed to meet their full potential, there must be adherence to safe proto- 
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cols, appropriate analysis of potential risk factors must be identified, and concerns 
regarding their use must be transparently addressed. It is this final point that may be the 
hardest to fulfill; paternal assurances as to the safety of these technologies will not 
bring wider acceptance of their introduction (34,230). 

Despite the difficulties of gaining general acceptance by the public, examples exist 
of the general acceptance of GMM products (223). These include the production of 
recombinant medicines through fermentation technologies and the use of GM viruses in 
gene therapy trials. The use of GMMs to produce pharmaceutical products has greatly 
reduced the cost of these drugs, making them more generally available. Further, because 
of the purification protocols used in producing drugs, GMM pharmaceuticals are inher- 
ently going to have the same risks associated with them as the non-GMM versions. 

Novel GMM therapeutics that do not have complementary non-GMM versions, such 
as gene therapy, are another issue. The single human death and two documented leuke- 
mia cases resulting from gene therapy trials demonstrate the inherent risk of live GM 
viral vaccines. The FDA and European regulation agencies, as of September 2002, put 
a halt to the X-linked form of severe combined immune deficiency disease trials (87). 
Obviously, clinical trials are inherently never risk free. Therefore, medical ethics com- 
mittees at both the institutional and the national levels as well as the gene therapy 
patients themselves (or their guardians) must have sufficient understanding of the in- 
herent risks of the therapy before such treatment is ever initiated (86). 

Another example of the general acceptance of GMMs is in the production of “veg- 
etarian cheese.” In the traditional process to make cheese, rennin containing the en- 
zyme chymosin is extracted from the stomachs of calves. To make the enzyme more 
readily available, the chymosin gene was cloned into Aspergillus expression vector, 
resulting in the production of recombinant chymosin (192,231 ). Chymosin, which is a 
product of recombinant technology, is consumed. It is interesting to speculate why this 
product is so widely accepted and yet so many other GMM derived foods are rejected. 
Is it because it seems so much less humane to isolate the enzyme from a calf than from 
a fungus? Was it the marketing of the enzyme as vegetarian that brought it some level 
of consumer acceptance? Or, is it simply that consumers do not recognize it as the 
product of a GMM? 

Another issue that relates patterns of concern about GMMs by the general public is 
the poor communication and misunderstanding that exists among the biotechnology 
industries, the public, and the media (229,232 ). Whether a process or product is deemed 
safe is hardly important if the public does not have confidence that the scientific pro- 
cess used to evaluate the product is independent of industrial interests (95). If the pub- 
lic perception is that multinational corporations, motivated by profit, deduce and report 
findings on the safety of their GMM product in a biased manner, it hardly seems likely 
that the process itself will provide assurances about the product’s safety to a skeptical 
public. The public needs to be informed about the real risks, if any, of a given GMM 
product. An informed public should at least understand that the GMM product has been 
extensively analyzed, certainly for human harm, well before it is ever brought into the 
market, and that the process has been carried through without bias (95,233). Communi- 
cating to the public true risk is perhaps best expressed briefly through the phrase “to 
produce the appropriate level of concern and action” (234). 
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In identifying and communicating the risks of recombinant technologies, we are 
confronted with a truism: The scientific community evaluates safety and risk of these 
processes through interpretation of data, assigning probabilities and consequence based 
on data itself. Often, the scientific community evaluates public concern as not based on 
scientific data and therefore irrelevant to these issues. It is important to understand 
that, although public fears may have been devised using different methodologies, dif- 
ferent standards of evidence, and different values, their concerns are every bit as ratio- 
nal and deserving of consideration as a scientific approach ( 232 , 235 j. It is not possible 
or even necessary to try to convince everyone that a given procedure is entirely safe. 
Rather, it is critical that, through open dialog, it is possible to communicate that the 
assessment process, determined through a rational scientific approach, has been given 
a transparent account by all concerned, and the final evaluative outcome represents an 
honest conclusion of that process ( 233 ). 

7.3. Labeling of Foods and Food Products Derived From GMMs 

In the United States, labeling is not required for any GM foods or GM food products. 
US citizens have indicated a preference for labeling that identifies products as GM 
foods ( 228 ). If so, why does the FDA so earnestly resist the labeling process? FDA 
documents point out that labeling a product as being with or without GM DNA would 
become prohibitively complicated ( 59 ). For example, to determine that a product is 
“GM free,” documentation would need to be compiled and followed regarding the 
strains used, the food processing facilities used, and all transportation equipment used 
to ensure the noncontamination of the product f59j. It is imaginable that a process such 
as the production of acetic acid by GMM and non-GMM forms would require separate 
fermenters, separate transportation vehicles, and separate process equipment to be able 
to identify one product as a GMM product and the other as GM free ( 52 , 59 ). Such a 
complicated and cumbersome process would undoubtedly increase the cost of the prod- 
uct. Finally, it is also believed that including labels on products warning the public 
about the presence of GMMs when there are no known hazards associated with the 
product may only serve to unnecessarily frighten consumers ( 52 ). 

The alternative, not labeling products as containing recombinant DNA, is unaccept- 
able to many individuals, including those who profess a wish to maintain a GM-free 
diet. Many people practice forms of environmentalism that are arguably religious in 
nature ( 236 , 237 ). Therefore, it might be further argued that these environmentalists’ 
convictions against eating GMM foods are equally compelling as religious’ prohibi- 
tions. This is true whether the GMM product is determined to be completely safe for 
both human consumption and environmental use ( 232 ). However, the argument leads 
to the question, should individual consumers have the right to know and control their 
dietary intake even if a GMM product is deemed completely safe? This concern has led 
to mobilization of a large number of interest groups in the United States and Europe 
determined to require labeling on GM foods ( 43 , 238 , 239 ). Already, governments in 
Europe and Asia have either recommended or enacted labeling requirements ( 43 ). 
Recent government actions, including a resolution passed in the US Congress in defense 
of US GM products, ( 240 ) will likely only intensify what is already a divisive issue 
between the United States and the European Union. 
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A compelling reason to label GM foods is to help identify potential food allergens in 
rare susceptible individuals (183). It seems unlikely that a GM food product capable of 
producing severe allergies would become established in a food product. This is largely 
because of the current level of allergen analysis conducted on GM foods. However, as 
pointed out by several watch groups concerned about GM issues, without proper label- 
ing of products, if a problem were to exist with allergens in a small percentage of the 
population, no database will be available to make an epidemiological analysis of the 
food product (43). In a reply to concerns raised by the Union of Concerned Scientists, 
the FDA indicated that the agency was reviewing this issue (241). 

The labeling issues are complex and divisive. Although dialog and consensus 
between concerned parties is the best approach to resolve some of these issues, it is 
most likely that resolution will be accomplished either through legislation or through 
national and international courts. Although not specifically involving GMM-derived 
foods, several lawsuits involving GM foods have been litigated against US regulatory 
agencies and biotechnology companies. Current class action suits are spearheaded by 
over 600 plaintiffs, including environmental groups such as the Union of Concerned 
Scientists, Greenpeace, and the Sierra Club (242). 

GM food labeling also has an impact on international trade. In a compromise 
designed to head off an international trade embargo between nations over GM labeling, 
the Cartagena Protocol on Biosafety Treaty was developed (28). Signed in Montreal by 
more than 130 countries, this treaty bridges the extremes between not labeling GM 
products and the trade barriers likely to affect world GM producers. Specifically, the 
United States agreed to label foods derived from GMOs as “maybe” containing recom- 
binant DNA products. Future requirements may be added to strengthen this reporting 
mechanism. In return, the protocol allows wider use of GM products in other nations 
without unilateral embargos threatened against exporters. 

7.4. Ethical Issues of GMMs and Environmental Release 

Two separate incidents are useful case studies regarding the ethics of released 
GMMs. In 1987, plant pathologist Gary Strobel of Montana State University conducted 
an unauthorized release of a mutated strain of Pseudomonas syringe, a GMM engi- 
neered to control the pathogenic fungi Ophiostoma ulmi, the causative agent of Dutch 
elm disease. He specifically violated a 1986 EPA rule delineating a 90-day notice prior 
to initiating field releases of GMMs (243). In statements released by him to the com- 
mittee, Dr. Strobel noted the Pseudomonas strain had not been genetically engineered 
in that it was a nonpathogenic transposon-marked organism. It was his contention that, 
by definition, the NIH guidelines regarding recombinant microorganisms did not apply 
(244). In a separate incident, an accidental release of a GM virus containing genes from 
hepatitis C viruses and Dengue fever occurred at London’s Imperial College. The acci- 
dent was a result of inadequate containment (245). Although no perceived harm 
occurred to human health or the environment from either of these incidents, public 
perception of these events helped galvanize concerns of legitimate and properly regu- 
lated releases of GMMs. 

Potential uses of GMMs include examples by which the organisms will need to be 
released into an uncontrolled environment to be effective. The use of GMMs in pest 
control, bioremediation, wildlife and livestock vaccination, metal extraction, and crop 
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yield improvement all suggest that the use of released GMMs will represent a growing 
part of the biotechnology industry ( 58 ), However, will such environmental GMM 
releases alter, in some fundamental way, the ecology of the systems into which they are 
exposed? 

This question is certainly one of the most contested of all GMM issues, in large part 
because of the huge stakes involved. On one side of the issue are the biotechnology and 
agricultural interests, which see a potential panacea of benefits from controlled releases 
of GMMs ( 179 ). On the other side of the issue are concerned environmental groups, 
which fear GMMs are inherently dangerous because of their very nature as organisms. 
The fear is that, once released, a GMM cannot be controlled if an undesirable event 
takes place ( 50 ). 

Both sides have compelling arguments for their views. Parties interested in release 
of GMMs can note an array of safety mechanisms developed that maintain the process 
as safe. Further, the benefits of GMM releases potentially help society in numerous 
ways. Parties opposed to such releases point out that the history of human colonization 
of the planet is a lesson in what can go wrong when nonindigenous species are placed 
in novel environments ( 246 ). 

It is easy to understand the source of these fears in evaluating the damage caused 
through the intentional or accidental releases of numerous nonindigenous organisms 
into the environment. For example, the establishment of human-released organisms 
such as kudzu plants and European starlings in the Eastern United States; mosquitoes, 
mongooses, and pigs in Hawaii; European rabbits. Cane toads, and domestic mice in 
Australia; and the brown snake on the island of Guam and the damage these organisms 
have inflicted in their respective environments underscore that concern. It is hard to 
imagine completely what the consequences might be of an uncontrolled GMM. Specu- 
lation of potential harm caused by a GMM release includes impacts on human health, 
crop damage, or damage to indigenous microbial communities ( 10 , 18 , 89 , 190 ). 

Regardless of the perspective on the issue, there must be one starting point in agree- 
ment: The ecology of vast areas of the world has been irreversibly changed through 
human activities. Ever-increasing demands on cropland and “pristine” environments to 
maintain substance for a growing world population and the needs to remediate lands 
already polluted beyond the capacities of natural systems require novel answers. Many 
of those potential answers will undoubtedly be devised from the ability to manipulate 
genes in microorganisms that are then released into the environment ( 58 ). 

It was generally believed, and some data support the fact, that most GMMs are 
effectively less fit to survive in complex ecosystems ( 46 ). Even if true, like all organ- 
isms, GMMs do evolve, and some have been shown to persist for extended periods of 
time in harsh environments despite the best attempts to engineer biological and physi- 
cal methods to constrain them. Further, because of the complex nature of these envi- 
ronments, it is virtually impossible to design experiments that will accurately assess all 
the parameters of whether a released GMM or its DNA will persist in the environment. 
Even if it were possible to design complex release studies for each GMM, the cost 
associated with such studies would be prohibitive. 

Lenski argued ( 46 ), however, that there is a reasonable approach to this conundrum. 
Lenski suggested that GMM applications appreciably similar to previous releases of 
GMMs or non-GMMs be used as a baseline to assess their risk. This approach would 
permit more intensive risk analysis of those applications evaluated as of greater risk. 
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Using this approach, a detailed assessment would be required for GMM applications 
that are novel and do not have comparative non-GMM releases. 

Releasing GMMs into the environment also has definite social implications that in- 
voke other ethical considerations (95,224). Whereas research in a laboratory takes place 
in a confined, and therefore private, domain, releasing GMMs into the environment 
enters the realm of public involvement. It is inescapable that people do fear the tech- 
nology. What responsibility do the GMM user and developer have to address those 
fears when analytical responses are ineffective? This is a difficult and important issue 
that is likely to elude simple answers. 

7.5. GMMs and Patent Issues 

Is it possible actually to patent a living GMM? That was the question put before the 
US Supreme Court in June 1980. Ananda Chakrabarty applied for a patent for a recom- 
binant Pseudomonas that had been engineered to disperse oil slicks more effectively 
than the non-GM form. Several parties resisted the granting of this patent, including 
the US Patent Office, the USDA, and several individuals opposed to the process. By a 
5-to-4 judgment, the US Supreme Court granted the patent to Chakrabarty on the 
grounds that the GMM was in fact a human-made invention and not a product of nature 
(247,248). Despite this ruling, there are still moral considerations that need to be 
addressed in patent law, both in the United States and internationally. What moral code 
is used to address the granting of a given patent? What cultural norm should a court 
uphold to make such a determination? Court challenges based on the interpretation of 
the morality of a given patent are increasingly used as a method of choice by those 
opposed to the technology to block the granting of the patent (226). 

There are sound reasons for developing strong patent laws in nations. Patents pro- 
vide protection of development costs and, certainly for companies, a way to receive a 
reasonable return on their investment (248). Basically, all a patent provides is a way 
through the courts to find remedy of unauthorized use of the product of the patent 
(235). Through the creation of a monopoly under the protection of the law, patents 
provide value for discoveries and thus incentives for private company investment. 

A major concern that has developed from the patent process is the effect that patents 
have on science (235). Notably, in the United States and in the United Kingdom, the 
undeniable monetary returns offered by the granting of patents have had an impact on 
the science conducted (230). The process does provide funds for active research projects 
and is often used in the United States for general institutional needs. However, the 
patent process often imposes secrecy on the scientific process, including that of public 
institutions (249). 

Increasingly, the goal of research in many laboratories has become the creation of 
intellectual property. Should it not be the philosophical goal of publicly funded re- 
search that science is an enterprise that engages in free exchange of reason and thought? 
Further, issues of secrecy permeate the patenting process. In the United States, a patent 
must be filed within 1 year of the publication of the product; in the United Kingdom, 
the patent must be filed by the time the researcher publishes. Either way, the process 
stifles open scientific dialog of the findings, generally for fear of losing control of the 
patent. These and additional concerns stemming from patents were addressed recently 
by the Royal Society in the United Kingdom (249). 




Safety and Ethical Issues 



115 



Finally, once granted, a patent acts as a monopoly, entitling the inventor to exclusive 
rights in charging fees or exclusive use of that process or product (230). That prohibi- 
tion, through legal or economic pressures, may interfere with promising lines of 
research. Such arguments come full circle when it is realized that public funding 
through grants is often the catalyst that makes the research possible. However, because 
the patents are only granted as rights to prevent the unauthorized use of the product, it 
can be argued that the act of receiving a patent is not in itself immoral (226). 

7.6. Biological Warfare and GMMs 

How does one conceive that biological weapons are more or less moral than conven- 
tional weapons? Since the September 11 attacks in New York City and Washington, 
DC, and the subsequent mailings of anthrax that resulted in several US deaths, this 
question has been part of active debate in the United States (250). In fact, despite the 
US anthrax deaths, it is still believed by many that the effective use of bioengineered 
pathogens as weapons is likely quite low (251). However, biological weapons pose 
many obvious advantages to their users, including their relative ease of production, 
relatively low cost, ease of concealment, and civilian vulnerability to bioweapons 
(252,253). Although the development of GMM as bioweapons is more difficult to 
accomplish than development of non-GMM weapons, the fact that genomic databases 
provide details on the specific pathogenicity of genes may render methods to develop 
novel pathogens more efficient (254). Many of the general issues regarding biological 
weapons have been reviewed elsewhere (253,254). 

The BWC treaty (255) banning the development and use of microorganisms as 
weaponized agents should have been the cornerstone in preventing the continued de- 
velopment of GMM-derived bio weapons. The threat of GMM-derived bio weapons was 
first addressed to the United Nations by Joshua Lederberg, discoverer of bacterial con- 
jugation (256). Unfortunately, it has become clear that microorganisms have been in- 
tentionally modified for weapons use, apparently first in the former Soviet Union (254 ) 
and later in other nations. 

It has been suggested that enhancements provided by recombination technology 
could be used to deliver toxin genes (i.e., anthrax toxin, myelin toxin), antibiotic 
resistance genes (i.e., penicillin or tetracycline resistance), genes to change the mode 
of infection of a pathogen (such as addition of a respiratory mode), or genes to make 
microbes resistant to vaccination (91). A short list of microbes implicated in GMM- 
derived bio weapons includes Bacillus anthrax. Yersinia pestis, Francisella tularensis, 
and smallpox (91 ). Clearly, it is possible to ponder other destructive GMMs directed 
at humans as well, as demonstrated in the inadvertent creation of lethal GM mouse 
pox (81,257). 

Other forms of biological warfare are conceivable. Plant pathogen genes could be 
cloned into hosts normally associated with crops, or any number of pathogens could be 
engineered against livestock (258-260). There are even suggestions that recombinant 
technologies currently used in biodegradation be adapted to consume metals, lubri- 
cants, or plastics that might be directed at opposing force weapons (261 ). If true, such 
weapons would arguably not only be in violation of the BWC treaty by their very 
nature, but also a microbe developed and used in such a capacity could be isolated and 
turned against its developer, although presumably suicide genes would be engineered 
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into such strains. Regardless, such weapons directed at the fabric of industrialization 
could have far-reaching consequences in a modem world. 

This misguided predilection to engineer microorganisms as weapons requires rea- 
sonable countermeasures. For example, it will likely be necessary in the foreseeable 
future to develop novel vaccines as a defense against GM vimses or GM bacteria. 
Although the extent of countermeasure development is unclear, in the Reagan 
administration active research into this question was conducted (256). The United 
States has refused to support a stronger BWC, partly because of concerns about confi- 
dential business information and partly because of national security concerns (245). It 
is reasonable to speculate that these national security concerns involve countermea- 
sures developed against known bioweapons using much the same technologies that it 
took to develop them (255). 

7.7. The ‘Vo Nothing” Principle 

Many would argue, notably Jeremy Rifkin (36), that the potential hazards of recom- 
binant technologies are so vast that they should not be attempted, and the technology 
should not be approved. This argument, to ban a technology, has its consequences as 
well. There are serious problems, notably in pollution and food production or improve- 
ment, for which GMMs can provide obvious solutions. 

For example, soils contaminated with xenobiotic compounds can be extremely 
recalcitrant. To remediate sites that are extensively contaminated, soils may have to be 
removed physically, treated with solvents or detergents first to remove the compound, 
and then be destroyed by physical methods, such as incineration or chemical neutral- 
ization. Such protocols potentially expose workers or local communities to aerosols 
and dusts containing the compound. A GMM that can effectively mineralize a toxic 
compound in situ would almost certainly be less expensive than conventional cleanup 
methods and expose cleanup crews to less of the pollutant. 

The same principle is true in developing GMMs to make soil more fertile. It has 
been suggested that, over the next 40 years, food production will have to more than 
double to meet projected world populations (52,230,262). Not a complete answer, but 
GMMs will likely compose part of the solution. 

The concept of not using GMMs has other consequences as well. Species such as 
mice and rabbit populations periodically increase to produce significant plagues in 
Australia, resulting in major damage to regional farms (124,263). The use of conven- 
tional methods to control these pests is simply inadequate to meet the staggering need 
both in realistically controlling their numbers and in limiting the harm conventional 
control techniques (poisoning, physical traps) might have on indigenous species (263). 
The use of GM viruses has been proposed as a method to target and control individual 
pest species. However, as noted in Section 4.1.4, this approach comes with its own set 
of risks (124). The ethical dilemma is which approach to take: allow destructive 
plagues to go unchecked, continue to use ineffective and environmentally damaging 
pest control methods, or look at targeted GMM control methods. Each comes with its 
own ethical consequences. If substantial data are gathered that the GMM control 
method is specific to its target organism and is effective in safely controlling pests, 
then in certain circumstances, GMMs may well become the preferred method to con- 
trol pests. 
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7.8. Other GMM Ethical Issues 

Finally, 3 billion years of selection and evolution have resulted in a biosphere full of 
microorganisms of incredible complexity and diversity (12). Should the natural evolu- 
tionary processes that developed living organisms and therefore the integrity of indi- 
vidual species be respected? In other words, simply because there is the intellectual 
capacity to do so, is it appropriate to manipulate any organism of choice? These per- 
haps are ridiculous questions to ponder because humankind has been manipulating the 
genes of organisms for millennia using conventional genetic methods. Further, because 
there can be no return to a time when GMMs were not part of life on this planet, it is 
likely these questions represent moot concerns. However, not to appreciate and under- 
stand the relevance of this capability to manipulate life at the molecular level and the 
consequences of this ability are to deny what may be humanity’s most profound impact 
on life on earth. 
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1. Introduction 

Recombinant proteins and polypeptides are now produced in a variety of ways, from 
direct chemical synthesis, to expression of cloned genes in in vitro systems, to exog- 
enous gene expression in a wide variety of in vivo systems. In vivo expression systems 
include those based in fungal, bacterial, yeast, plant, insect, and mammalian cells, as 
well as those based in transgenic plants and animals. 

With the choice of so many systems and with so many factors involved in the selec- 
tion of any particular one, system selection has become a study in itself. Broadly, fac- 
tors to consider include the (1) size and structure of the gene to be expressed; (2) 
required posttranscription and translation events; (3) size and structure of the final gene 
product; (4) required product fidelity; (5) required amount of product and term of pro- 
duction; (6) regulatory concerns; (7) required final product purity (including purifica- 
tion systems available); (8) required product molecular homogeneity; (9) ultimate 
product use; (10) production team expertise; (11) acceptable lead times and start-up 
costs; (12) acceptable production costs, and (13) schedule and financial tolerance for 
failure. 

A simple approach to getting started in cell-based expression has been described (1). 
It is suggested that products can be assigned to groups such as (1) small peptides (<80 
amino acids), which can be most efficiently expressed as fusion proteins in prokary- 
otes; (2) polypeptides, which are normally secreted proteins (80-500 amino acids), can 
be expressed in almost any system, but preferably as a secreted product in yeast or 
higher animal cells; (3) large, secreted, and cell surface proteins (>500 amino acids), 
which are most efficiently produced in mammalian systems; and (4) large, but 
nonsecreted proteins, for which the choice of system depends mainly on their particu- 
lar characteristics. A good review of the posttranslational functions provided by the 
basic systems was presented by Grey and Subramanian (2). 
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However, as more expression systems in a number of diverse cell types and species 
have become practical, the choice of system for those who desire to consider all of the 
options has become daunting. Beyond the number of new choices available, each exist- 
ing system continually evolves and incorporates newly discovered improvements. For 
example, recombinant insect cell production hosts are now providing additional, or 
previously absent, posttranslational power to that system ( 3 ). 

It has been slightly over 20 years since techniques allowing the production of pro- 
tein in a cloned gene in an animal cell emerged. At that time, it was a new and exotic 
technology practiced in research laboratories. Since then, a number of systems have 
become standard practice. In fact, embarking on an animal cell expression project has 
evolved from a sophisticated and intimidating prospect, to a common and routine tool, 
and now back to an intimidating prospect. Why is it intimidating again? It is not because 
a researcher wonders if the gene can be successfully expressed, but because one won- 
ders about which one of the dozens of available systems will give the best results. It is 
now possible to get lost in the vast number of disparate systems readily, even commer- 
cially, available. Presented here is an introduction to production in those higher animal 
cell systems that have become the most popular in larger-scale applications. 

In addressing large-scale production, bench-top expression systems used primarily 
in verification of cloning product and in research applications are excluded, such as the 
analysis of (1) expression on cell activities; (2) copy deoxyribonucleic acid (cDNA) 
library gene products; (3) glycoprotein structure and carbohydrate moieties; (4) pro- 
tein-folding structure and processing, as well as most transient expression systems in 
general. Systems that have become widely applied in larger-scale production of 
biomedically active proteins, antibodies, and antibody fragments are highlighted. 

By limiting the topic to higher animal cells; fungal, bacteria, yeast, and plant tech- 
nologies are excluded, and a group (insect and mammals) with similar biochemical, 
culture, and production characteristics is distinguished. These eukaryotic cells have 
advanced and related systems of protein expression and processing. That the cells are 
in culture excludes the field of transgenic animal production. 

Looking at exogenous proteins as the product of interest excludes other products 
from large-scale culture, such as viral vectors or the cells themselves. Furthermore, 
activities prior and subsequent to production are omitted. These activities include (1) 
expression vector and promoter selection; (2) gene identification, isolation, manipula- 
tion, and cloning; (3) cell transfection, clone selection, and expansion; and (4) raw 
product handling, analysis, and purification. 

1 . 1. History of the Field 

Looking at the current state of any technology, its principal systems can seem quite 
obvious. This can be true of the current capabilities to use animal cells to produce 
exogenous products. However, the history of cellular-based protein production is a 
story of step-by-step accomplishments. When it is considered that humans have been 
maintaining living animal cells outside the body since the end of the 19th century, the 
reality of the gradual evolution of the science of the cellular-based production of 
selected and modified recombinant proteins is better appreciated. 

Milestones in this history include the first observation of cells dividing in vitro in 
1907 ( 4 ). In 1928, the first system for the propagation of virus in cultured tissue was 
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reported (5). During those times, high concentrations of animal fluids were the main 
source of nutrition, but in 1955, a relatively nutritionally complete synthetic growth 
medium was presented (6). It was about that time that the first pharmaceutically relevant 
product, the Salk poliovirus vaccine, was produced in primary monkey kidney cells (7). 

Even the Nobel Prize-worthy invention in 1975 of the production of monoclonal 
antibodies (MAb) ('5k as significant as it was at the time, was really just one step toward 
the current state of the art. Hybridoma technology is essentially a way of immortalizing 
an antibody-producing mouse splenocyte to allow its maintenance in culture and pro- 
duction of the exact antibody it had been making in the mouse. Before that accomplish- 
ment, systems to allow for the continuous culture of animal cells had to be developed, 
and biochemical means of cloning and selection had to be understood. Moving from 
there to the current capability of pharmaceutical-scale production of human or human- 
ized antibody required 30 years of yet more incremental discoveries. The realization of 
cellular-based, large-scale recombinant protein production required numerous inde- 
pendent technologies. From molecular biology to bioreactor technology, many distinct 
disciplines contributed to this history of gradual development. 

1.2. Products From Cell-Based Systems 

A number of products from cultured living organisms are now used in such areas as 
industrial research, and medical diagnosis and therapy. These products range from 
simple molecules to the most complex, including multimeric proteins, lipids, collagen, 
polyglycans, viruses, and cells. The term recombinant protein biologicals can be used 
to specify high molecular weight polypeptides with biochemical activity. Production in 
animal cells is a major system in use to produce many protein biologicals for therapeu- 
tic, diagnostic, and manufacturing purposes. The types of products now in use include 
such proteins as MAb and fragments, human growth factors, interleukins, interferons, 
erythropoietin, plasminogen activators, enzymes and blood clotting factors (Table 1). 

1.3. Advantages of Higher Animal Cells 

Each system of production has been pursued because of its unique set of features. 
Factors in the choice of a host for production include system efficiency and scalability, 
clonal stability, economic issues, and characteristics of the product desired. These char- 
acteristics include required posttranslational modifications such as propeptide pro- 
teolytic processing, glycosylation and carbohydrate trimming, y-carboxylation, 
hydroxylation, sulfation, phosphorylation, fatty acid acylation, and subunit assembly. 
The time required to establish higher animal systems and the cost to operate them are 
greater than in many other systems. Therefore, their main advantage is their more au- 
thentic protein processing of, for example, secreted glycoproteins of mammalian or 
human origin. 

1.4. Production Scale 

The concepts of “large” or “small” scale can be relative depending on the context, 
purpose, and system of expression. In discussing eukaryotic expression systems, it is 
practical to refer to work in 3- to 300-mL lots as small scale. This is because the com- 
mon formats for such scale are T- and shake flasks. Large-scale expression, or produc- 
tion, can refer to expression in 0.3- to 20-L lots. This is the range supported by the 
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Fig. 1. This sterilizable-in-place and clean-in-place 500-L industrial bioreactor features re- 
tractable probe housings and redundant probes and filters. (Courtesy of New Brunswick Sci- 
entific, Edison, NJ.) 

newer high surface area, multiple stacked-plate monolayer systems as well as roller 
bottle assemblies, shake and Fembach flasks, and bench-top or lab-scale bioreactors. 
Very large-scale production of 20 to 15,000 L is accomplished in stand-alone 
bioreactors such as those employed by manufacturers of protein biologicals for com- 
mercial products (Fig. 1). 

Because this chapter addresses the large-scale production of recombinant proteins, 
it introduces systems that became popular in large- to very large-scale, although the 
techniques presented address primarily only large-scale implementations. Escalating 
from large- to very large-scale requires its own set of engineering disciplines and is 
largely outside the scope of this work. 

2. Mammalian Systems 
2.1. Overview 

There have been many developments in cell-based expression technology since the 
early days of HAT medium-selected hybridomas producing mouse antibody in ascites 
culture. Today, researchers can construct transfectoma by direct cloning methods that 
promote high and stable expression of a multimeric recombinant protein under the 
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control of multiple or inducible promoters, and they can accomplish production in a 
15,000-L bioreactor using an animal component-free medium. 

Tens of mammalian cell types are used in the production of recombinant product, 
including such well-known lines as BHK-21 and SP2/0 ( 9 ). However, stable expres- 
sion systems from Chinese hamster ovary (CHO) and NSO, more for empirical than 
theoretical reasons, have become the most popular choices for very large-scale produc- 
tion (Table 1). Robust growth in suspension culture, fidelity in product processing, a 
sound regulatory pedigree, and success in a variety of fusion, transfection, selection, 
and production approaches are properties that make them practical candidates for con- 
struction of transgenic derivatives and expression of product. Their propensity to pro- 
duce stable clones of high expression efficiency means that, once established, a clone 
can be expected to provide a consistent product over many passages. 

Cell fusion efficiency was one of the early properties selected in deriving myeloma 
lines. Today, their transfection efficiency in processing exogenous DNA is key. As 
mammalian cells, they have the systems for efficient and relatively authentic posttrans- 
lational processing of medically important products. The fact that both can present a 
nonadherent phenotype in various media and environments allows efficient large-scale 
suspension culture. 

Levels of expression in individual constructs vary greatly both between and among 
each line, and have been increasing steadily. Specific productivity now considered suc- 
cessful is on the order of 10-400 mg of secreted protein per 10^ cells per day. Volumet- 
ric levels range from 2 to 200 mg/L for recombinant proteins and from 200 to 2000 mg/ 
L for recombinant antibodies; remarkably, levels of up to 6 g/L have been reported. 

2 . 2 . Vectors, Promoters, and Selection Systems 

It is beyond the scope of this chapter to review the disciplines of vector and pro- 
moter selection, gene cloning and transfection, and producer clone selection. However, 
the results of these systems employed to generate and maintain the recombinant line 
can have an impact on the handling of the cultures and methods of protein production. 
Therefore, some elements of transgenic line production and popular selection marker 
systems are mentioned. 

The functions of selectable marker systems in the generation of transgenic cells are 
to select successfully transformed cells and often to provide selective pressure to main- 
tain or amplify the inserted gene ( 10 ). Having an essential gene with a product that is 
required for cell proliferation linked to the gene of interest in the expression vector 
determines that only cells undergoing successful transformation events will dominate 
the culture. In many cases, the selectable marker is also a way to increase the copy 
number of that gene in the host. It may involve an exogenous enzyme activity, such as 
in markers expressing product that inactivates a toxin or blocks a toxic event. Some of 
these dominant selectable markers are very familiar, such as those used in antibiotic 
selection systems common in prokaryotic culture. 

There are two kinds of systems that employ endogenous markers: (1) positive selec- 
tion, which uses salvage pathway mutant cells with drugs that block normal biosyn- 
thetic pathways; and (2) negative selection, which uses toxic analogs of biomolecule 
intermediates (e.g., nucleotides) that are incorporated into the final product only if the 
salvage pathway is used. Some selection systems or vectors require an appropriate 
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culture medium or cellular host possessing a corollary phenotype. For example, com- 
mon applications of Tk vectors require a Tk" host cell to provide for this positive selec- 
tion. Others, such as neo, depend on toxic additives (e.g., geneticin) to a normal culture, 
with the exogenous gene product (e.g., aminoglycoside phosphotransferase II) provid- 
ing the rescue by degrading the toxin. This system may therefore be used in a wide 
range of hosts and media. 

Any number of selection systems may be discovered in the literature. Some of the 
more popular include those presented in Table 2. There are good reasons for consider- 
ing most of the various systems available; however, those desiring to begin in large- 
scale production can usually obtain acceptable results with commercially available 
vectors that support a few popular systems. GS (glutamine synthetase), DHFR (dihydro- 
folate reductase), HPT (hygromycin phosphotransferase), Hgprt (hypoxanthine-gua- 
nine phosphoribosyltransferase), and G418 (aminoglycoside-3'-phospho-transferase) 
have been employed widely and work well in the majority of cases. In stable expres- 
sion systems, one or more copies of the structural region of the gene of interest, along 
with relevant DNA-based signals for transcription by RNA polymerase II, are inte- 
grated into the chromosomal DNA of the host cell. Vectors to accomplish this contain 
minimally, a promoter and various promoter-associated elements, promoter distal and 
proximal cloning sites, an origin of replication for Escherichia coli, a polyadenylation 
sequence, and possibly a eukaryotic origin of replication. Commonly employed consti- 
tutive promoters include the SV40 early, adenovirus late, and the cytomegalovirus 
(CMV) early. 

2.2.1. Available Systems 

Plasmid vectors of various origins, selectable markers, enhancers, and cloning fea- 
tures with expression driven by a number of promoters have been designed and de- 
scribed in the literature. Many choices are commercially available from a number of 
vendors. For example, Promega (Madison, WI) offers vectors for both transient and 
stable expression of recombinant proteins in mammalian cells. The pSI and pCI vec- 
tors can be used for high levels of transient expression because each of these vectors 
contains a strong viral promoter-enhancer, an optimized chimeric intron, and the S V40 
late polyadenylation signal. The pSI vector contains the SV40 enhancer-promoter re- 
gion, a viral promoter that is known to express strongly in many different cell lines. 
The enhancer-promoter region also allows episomal replication in cell lines that ex- 
press the SV40 large T antigen (such as COS cells), which can lead to even higher 
levels of expression. The pCI vector contains the CMV immediate early promoter and 
enhancer regions, which can promote strong constitutive expression in many different 
cell types (11). The chimeric intron contains (i-globin and immunoglobulin G (IgG) 
sequences, which have been optimized to match consensus donor and acceptor sites 
(12). The presence of an intron flanking the protein-coding region can help increase 
levels of gene expression (13). The SV40 late polyadenylation signal is known to en- 
hance stability of messenger RNA (mRNA) transcripts (14). In addition, both the pCI 
and pSI vectors have a T7 RNA polymerase promoter upstream of the multiple cloning 
region, which allows generation of RNA transcripts in vitro. 

For the engineering of stably transformed lines, Promega offers two vectors contain- 
ing the neomycin phosphotransferase gene, the pCI-neo and pTargeT™ vectors. Here, 
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Table 2 

Common Markers Used in Animal Cell Systems for Selection of Genetic 
Transformation and Amplification of Gene Copy Number and Product Expression 



Marker 


Activity 


Mechanism 


Ada 


Endogenous marker 
Adenosine deaminase; makes inosine 


Xyl-A (9-p-D-xylofuranosyl adenosine) is toxic 




from adenosine 


adenosine analog; ADA detoxifies added 


Aprt 


Adenine phosphoriboyl-transferase; makes 


Xyl-A 

Positive selection: Adenine and azaserine block 




adenosine 5 '-monophosphate from adenine 


dATP synthesis; only cells using salvage 


Cad 


Carbamyl phosphate synthase; aspartate 


pathway survive 

Positive selection: PALA (A-phosphonacetyl-L- 




transcarbamylase; dihydro-oroatase; provides initial 


aspartate) blocks the aspartate 




steps in uridine biosysthesis 


transcarbamylase activity of CAD 


Dhfr 


Dihydrofolate reductase; converts folate 


Positive selection: DHFR is required 




to dihydrofolate, then to tetrahydrofolate 


for nucleotide or amino acid biosynthesis, so 


Hgprt 


Hypoxanthine-guanine phosphoribosyltransferase; 


selection is in nucleotide-free medium 
Positive selection: Hypoxanthine and 




converts hypoxanthine to IMP and guanine to GMP 


aminopterin block IMP synthesis; 


Tk 


Thymidine kinase; makes dTMP from thymidine 


only cells using salvage pathway survive. 
Positive selection: Thymidine and 




aminopterin to block dTTP synthesis; only 
cells using salvage pathway survive. 

Dominant selectable markers 


AS 


Asparagine synthase 


Only bacterial enzyme uses ammonia as amide 


ble 


Glycopeptide-binding protein 


donor; cells transformed with AS survive 
asparagine-free medium containing toxic 
glutamine analog albizziin 
Provides resistance to antibiotics bleomycin 


gpt 


Guanine-xanthine 


and pheomycin 

Similar to mammalian hgprt, but has xanthine 


hisD 


Histidinol dehydrogenase 


phosphoribosyl-transferase activity; allows 
aminopterin/mycophenolic acid 
Provides resistance to histindinol 


hpt 


Hygromycin phosphotransferase 


Provides resistance to hygromycin-B 


neo 


Neomycin phosphotransferase 


Provides resistance to aminoglycoside antibiotics 


pac 


Puromycin A^-acetyltransferase 


Provides resistance to puromycin 


trpB 


Tryptophan synthesis 


Provides resistance to indole 




Markers for copy number amplification 


Ada 


Adenosine deaminase 


Deoxycoformycin 


AS 


Asparagine synthase 


P-Aspartylhydroxamate 


Cad 


Aspartate transcarbamylase 


A-Phosphonacetyl-L-aspartate 


Dhfr 


Dihydrofolate reductase 


Methotrexate 


gpt 


Xanthine-guanine phosphoribosyltransferase 


Mycophenolic acid 


GS 


Glutamine synthetase 


Methionine sulfoximine 


Hgprt 


Hypoxanthine-guanine phosphoriboosyltransferase 


Aminopterin 


Impdh 


Inosine monophosphate dehydrogenase 


Mycophenolic acid 


Mt-1 


Metallothionein 1 




Mres 


Multidrug resistance: P-glycoprotein 170 gene 


Adriamycin, colchicine, others 


Ode 


Ornithine decarboxylase 


Difluoromethylornithine 


Rnr 


Ribonucleotide reductase 


Hydroxyurea 


th- 


Thymidine kinase 


Aminopterin 


umps 


Uridine monophosphate synthase 


Pyrazofurin 
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the presence of the neo gene allows selection of transfected plasmids using the antibi- 
otic G418. The pCI-neo vector has the same features as the pCI vector, a CMV imme- 
diate early enhancer-promoter for high levels of protein expression, a chimeric intron, 
and the SV40 late polyadenylation signal. Expression of the neomycin resistance gene 
is driven by the SV40 promoter-enhancer, which also allows the plasmid to be repli- 
cated episomally in cell lines containing T antigen. 

The pTargeT Mammalian Expression Vector System is a convenient system for clon- 
ing polymerase chain reaction (PCR) products and for expression of cloned PCR prod- 
ucts in mammalian cells. Nearly identical to the pCI-neo vector, the pTargeT vector 
contains a multiple cloning region modified to allow T/A cloning of PCR-generated 
inserts. To prepare the vector, pTargeT is digested to create a blunt end, and thymidine 
is added to the 3' ends of the vector to create a T overhang. The T overhang allows easy 
cloning of PCR fragments containing a 3 '-A overhang into the pTargeT vector. 

Many other vectors employing a number of diverse features have been developed, 
including many with unique advantages. For example, in most systems, the successful 
introduction of the DNA into a cell, as well as the site and number of plasmids incorpo- 
rated, is a rather random event. However, methods that enable site-specific or targeted 
integration of the genes of interest into more transcriptionally active loci (hot spots) 
have been developed (15,16). Regardless of the system chosen, most require selection 
of cells that have gone through a productively successful genetic transformation. Even 
exceptions to this, such as recombinase-mediated cassette exchange, require the use of 
a marker at some stage of recombination (17). Two of the more popular systems, the 
Dhfr and GS, are introduced here. 

2.2.2. GS Selection System 

Glutamine synthetase (GS) produces glutamine from ammonia and glutamic acid. 
Normal cells will obtain required glutamine either through the action of GS or by ab- 
sorption from the ambient growth medium. GS“ cells cultured in media deficient in 
glutamine will starve for it unless an exogenous source of GS is present. Methionine 
sulfoximine (MSX), an inhibitor of GS, is used to select for cells in the culture that have 
increased copies or transcriptional levels of GS. Through the stepwise increase of MSX 
concentration in the medium, cells harboring incremental copies of the GS gene will be 
selected. If the GS gene is linked to the gene of interest for production, concomitant 
increases in that gene will be achieved. A number of variations of this basic system are 
popular in selecting for cells that have undergone a successful transfection event and 
increasing the copy number of exogenous genes in the resulting recombinant lines. 

2.2.3. Dhfr Selection System 

Dihydrofolate reductase (DHFR) is required for several reactions in de novo and 
salvage nucleotide-DNA biosynthesis. It is one of many enzymes in this pathway used 
as a marker. As one of the oldest and most used systems, a number of variations in the 
employment of this enzyme have been developed. Normal cells will obtain required 
nucleotide precursors either through the action of DHFR or by absorption of them from 
the ambient growth medium. Dhfr“ cells cultured in media deficient in nucleotides will 
starve for them unless an exogenous source of Dhfr is present. Methotrexate, an inhibi- 
tor of DHFR, is used to select for cells in the culture that have increased copies or 
transcriptional levels of Dhfr. By gradually increasing the concentration of methotrex- 




142 



Whitford 



ate in the medium, cells harboring greater numbers of the Dhfr and desired product 
genes will be selected. 

2.3. Cell Systems 

Suitable cell lines for stable production of foreign proteins display a number of com- 
mon characteristics, including (1) a propensity to readily grow, unclumped, in suspen- 
sion cultures; (2) high rates of productive and stable integration of heterologous DNA; 
(3) a capacity for higher posttranslational modifications; (4) robust growth and high 
levels of production in a variety of media; and (5) adaptability to a variety of 
derivatization, selection, and production environments (18). 

Mammalian cells share many metabolic processes and display many similar charac- 
teristics in protein expression. Glycoforms of products from both CHO and NSO display 
many characteristics in common with human counterparts, including O- and N-linked 
carbohydrates with bi-, tri-, and tetraantennary sialiated branches. However, there are 
species and cell-line-determined differences that can have a significant impact on their 
performance in production systems. For example, differences in the glycosylation of a 
given protein as expressed in various mammalian systems have been reported (19). One 
specific difference noted is that human glycoprotein processing employs both a2,3- and 
a2,6-sialyltransferase; both CHO and BHK lack the a2,6 enzyme. 

Technology exists to improve host posttranslational function through genetic trans- 
formation providing genes with a function either to augment endogenous pathways or 
to knock out genes, forcing increased exogenous gene expression or altered process- 
ing. Examples include the introduction of such protein-folding active agents as PDI, 
BiP, and GRP78 (20) and the examination of various glycosyltransferases (21 ). In other 
work, a CHO line was engineered to express a2,6-sialyltransferase (22), but although 
the exogenous erythropoietin expressed in it did contain a2,6-linked sialic acids, it 
showed lower bioactivity. Although much promise exists, these newer transgenic 
improvements have yet to gain general acceptance. 

Many characteristics of each of the more commonly used cell lines, and even of 
some of their specialized derivatives, have been observed and reported over the years. 
However, the fact that each transgenic line constructed for protein production has been 
clonally derived means that it has been selected for some particular characteristics, 
such as high levels of production. In this process other characteristics can be uninten- 
tionally co-selected, which determines nutritional and performance features in the 
cloned line quite divergent from those of the parent line. It is common to observe two 
lines derived from the same parent line, genetically transformed with the same vector 
and harboring the gene for a similar protein, display significant differences in meta- 
bolic demand and other performance once they are assessed in large-scale culture. 

2.3.1. NSO 

Early murine myeloma lines were derived over 30 years ago from induced mouse 
plasmacytomas and were of particular interest at the time as stable immortalized lines 
producing antibody. As the goals for hybridoma applications advanced, requirements 
for the myeloma lines increased. Robust cell lines were developed that were inhibited 
in their capacity to produce antibody and that provided an acceptable frequency of 
high-yield monoclonal producers on fusion with B-lymphocytes. NSO is now one of 
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many mouse myeloma cell lines available for the construction of hybridoma and trans- 
fectoma. 

NSO originated as an IgG secretor, yet its current lack of endogenous antibody or 
fragment production makes it particularly efficient in the processing and secretion of 
exogenous antibody. An especially strong incentive for employing an NSO line is the 
development of an NSO-based GS selection system. From the original MOPC-21 line, 
289/16 (NSl/1), and then P3-NSl/l-lAg4.1 (NSl) were isolated. NSO, isolated from 
NSl over 20 yr ago, has been subcloned and otherwise modified in its protracted his- 
tory at many locations. Here, the ECACC no. 85110503 characteristics are referred to 
as nominal, referring to some of the many variant lines as appropriate. 

2.3.2. Chinese Hamster Ovary 

Chinese hamster ovary (CHO) cells were established from the biopsy of an ovary of 
a Chinese hamster over 30 years ago ( 23 ), and they are the origin of each of the many 
derivative lines developed since that time. The popular CHO-KI (ATCC CCL-61) and 
CHO-S were established in 1968 and 1989, respectively, directly from the original 
CHO line. DX B1 1 (DUKX B1 1) was derived from the K1 line in 1978 and has been 
the basis for a number of popular lines for expression, including Dhfr and adenosine 
deaminase-selectable strains ( 24 ). The currently popular DG44 was derived from the 
CHO pro3” (CHO Toronto). Gibco CHO-S was established from the LANL line, which 
is a direct descendant of the original line. 

2.4. Culture-Production Systems 

2.4.1. NSO 

Whether used in the construction of hybridomas or transfectomas or in transient 
expression systems, NSO has become a popular line for the production of MAb and 
recombinant proteins ( 25 ). The selection-amplification systems reported successful 
with this line include GS (MSX), Dhfr (MTX), APH (G418), HPT (hygromycin), lapt 
(histidinol), Hgprt (MPA), and 3-ketosteroid reductase (cholesterol). The GS system 
( 26 ) is currently the most popular with large-scale producers. Promoters/expression 
vectors used in producing stable and transient expression abound, with the strong pro- 
moters from CMV, respiratory syncytial virus, and SV40 the most common. Such 
implementations have been used as producers of MAb, from murine to fully human, as 
well as nonantibody recombinant proteins ( 27 ). As mammalian cells, mouse myeloma 
cells provide all of the generic posttranslational processing steps required for authentic 
human product processing. However, the effects of derivative and especially murine- 
specific glycan motifs, cell fusion, recombination, overexpression level, as well as the 
particular nutritional and culture environment do affect the way and extent to which 
any specific process is applied to the product. 

The origin of NSO dictates that it has the capacity for efficient production and secre- 
tion of antibody and polymeric proteins. The absence of Ig chain or fragment expres- 
sion in this parent cell line is a feature contributing to its popularity ( 28 ). Protease 
activity in medium following cell culture is of particular importance when employing 
serum-free medium (SFM). Both absent and significant protease activity from NSO 
derivative culture have been reported, but the majority describe no significant product 
degradation in application. 
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Cholesterol is required by all animal cells for a number of functions, including the 
maintenance of membrane fluidity. Most cultured animal cells can produce what they 
require from the most elementary nutrient precursors. Nevertheless, it is true that some 
cultured cells fully capable of endogenous cholesterol generation grow more efficiently 
with cholesterol supplementation. As the need for expression in serum-free environ- 
ments developed, it was discovered that NSl and derivatives (including NSO) had be- 
come auxotrophs for cholesterol (29,30). The biochemical step of deficiency has been 
identified as the demethylation of lanosterol to C-29 sterols. This means that any pre- 
cursor to cholesterol above lanosterol will be ineffective as a metabolic component. 
Therefore, a functional supplement to the culture medium must be in the area of 
lathosterol to cholesterol. 

Apoptosis is known to be an issue in the culture of murine myeloma and derivatives, 
especially under conditions of environmental or nutritional stress. NSO demonstrate a 
particular susceptibility in this regard (31). k number of factors could contribute to this 
including its lack of HspVO expression potential and variability in membrane choles- 
terol concentration (32). Reported inducers of the response include (1) glucose, 
glutamine, phosphate, oxygen, and essential amino acid starvation; (2) temperature, 
pH, and osmolality changes; and (3) shear stress and metabolic by-product buildup. 

On the other hand, it has also been reported that the specific molecular onset of 
apoptosis in hybridoma is actually associated with cell proliferation and full metabolic 
activity rather than with the decline of cell viability (33,34 ). GADD153 expression has 
been observed as either a trigger, or at least an indicator, of NSO apoptosis in response 
to environmental stress (35,36). Transfection-based expression of the mitochondrial 
cytochrome-c active Bcl-2 has been repeatedly shown to reduce stress-induced 
apoptosis in this line greatly and increase overall MAb production (37,38). Inducible 
expression of the p21 (CIPI) cyclin-dependent kinase inhibitor also appears to do the 
same (39). Some protein hydrolysates reportedly provide an antiapoptotic effect in the 
SFM culture of hybridoma, whereas serum and any associated growth factors do not 
(40). Finally, it has been observed that maintenance of ambient cholesterol levels by 
sequential supplementation may reduce apoptosis in suspension culture (personal ob- 
servation). 

Shear force sensitivity is of concern in the suspension culture of NSO. Although 
each cell line exhibits its own particular assortment of characteristics in response to 
hydrodynamic stress, it is often convenient to generalize by referring to shear-sensitive 
or shear-tolerant lines (41). This appears not to be the case with NSO. Personal obser- 
vations, and those of premier commercial producers, indicate a particular issue with 
NSO in this respect. NSO, in media supplemented with pluronic acid and even low 
concentrations of serum or protein, yields somewhat shear- tolerant cultures. However, 
when moved to bioreactor scale, specific, apparently shear force-induced culture im- 
pairment can occur, especially as sparge or perfusion (or other cell separation) systems 
are implemented (42,43). Serum- and protein-free NSO cultures are apparently particu- 
larly sensitive to some cell separation systems used in perfusion bioreactor culture. 
2.4.1 .1 . Clonal Derivatives 

As with most cell lines that develop wide popularity, and especially over a long 
period of time, NSO exists as a number of distinct subclone lines. These lines have been 
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generated by a number of means to support particular functions, growth media, culture 
conditions, and selective agents. In addition, each step of derivatization will further 
alter properties of the line. Of course, the generation of hybridoma, in introducing en- 
tire lymphoid chromosomes, can introduce significant changes of phenotype. But, even 
a transiently transfected line may exhibit distinct properties based on the metabolic 
demands of vector expression, any required selective pressure, or properties of the new 
gene products. In any event, significant and divergent properties have been reported, 
particularly with individual MOPC-21 derivatives ( 30 , 44 , 45 ). Transgenic producers 
derived from the newer GS NSO lines from Lonza® are an example. Not only must the 
culture environment be modified to accommodate the GS selection system specifi- 
cally, but also these lines display significant metabolic characteristics requiring spe- 
cific attention for performance optimization. A number of individual NSO transformants 
have been extensively characterized in high-efficiency production. Although the pro- 
ducers of biomedical products often maintain this information as intellectual property, 
published reports do exist that provide insight into individual clonal metabolic patterns 
to be anticipated. Maintenance of production through tens of passages, even in the 
absence of selection pressure, has been observed, and the stability of derivatives 
through cryogenic preservation has been documented. 

2. 4. 1.2. NSO-Specific Demands 

Subclones and derivatives of NSO, because of the diversity of generation and main- 
tenance, complicate the identification of NSO media requirements. One culturist’s 
transfectoma from a GS selection line will likely have quite divergent media require- 
ments from another’s ECACC-derived line ( 46 ). This should be kept in mind when 
applying prescribed culture media formulations and protocols to any particular line and 
is especially important when applying available MAb production media, supplements, 
and methods, as these are often designed and tested in non-NSO hybridoma cultures. 

Autocrine and cytokine responses by myeloma and hybridoma have been explored 
for decades, and the various cocktails recommended are numerous and diverse. NSl 
and derivatives have been shown by growth medium fractionation and add-back 
experimentation to be totally unresponsive to, or non-secretors of, endogenous 
cytokines. Similar experiments have implied their existence and function, particularly 
in hybridoma lines. Interleukin 6 has been shown to be an effector in promoting certain 
strains derived from distant precursors of NSO as well as hybridoma from yet other 
precursors. 

NSl and NSO cultures have been variously reported as both unresponsive to and 
obligate for insulin or insulin-like growth factor 1 (IGF-1). Successful (albeit not opti- 
mized) performance has been observed in the culture of NSO in quite elementary chemi- 
cally defined and protein- or peptide-free media, including in the absence of selenium, 
transferrin, or insulin or IGF-1 ( 47 ). Studies demonstrated a distinct insulin require- 
ment for GS NSO, which may be supplanted by zinc chloride (ZnCl 2 ). Furthermore, 
many chemically defined and protein-free growth media have been very successfully 
applied to NSOs and derivatives, achieving doubling times of 22 hours or better, cell 
densities above 5 x lOVmL in batch culture, and production levels in multiples of 
serum-containing controls ( 48 , 49 ). 
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Shear protectants are required for all suspension culture applications. Serum-supple- 
mented media and serum-free formulations high in protein can provide sufficient protec- 
tion for most applications. Common nonprotein protectants, such as pluronic acid, 
provide some protection, but some NSO derivatives remain shear sensitive to aggressive 
sparging and cell separation techniques in bioreactor applications even at nominal levels 
of supplementation (personal observation). Increasing pluronic acid to 0.2% w/v seems 
to provide some additional protection, but shear stress remains an issue in serum- and, 
especially, protein-free applications. 

Amino acid, vitamin, trace element, and other ion concentration or ratio optima for 
various myeloma and derivatives, including NSO, have been reported for decades. Gen- 
eral basal conditions as well as high-density feeding and perfusion approaches for any 
particular application can be established from them. However, review of these formu- 
lations, as well as direct experimentation, reveals significant subclone, derivative, basal 
medium formulation, and culture mode-induced variation in these requirements. For 
example, it is not uncommon to see an NSO reported to require additional supplemen- 
tation of a particular amino acid in an application and to discover that your culture 
either is not utilizing it or actually is producing \i (48). 

Apoptosis is of concern, especially in high-density or production-scale culture modes. 
Approaches to reducing the problem include avoiding particular nutritional and envi- 
ronmental stresses. It appears that this issue also is greatly affected by the diversity of 
lines and applications employed. Factors in media formulation or supplementation that 
can be addressed include design to avoid glucose, glutamine, and essential amino acid 
starvation; pH and osmolality extremes; and shear stress and by-product generation 
(41,50,51). Chemical additives that have been shown to reduce or inhibit apoptosis may 
be a consideration here as well. These include bongkrekic acid, cyclosporin A, 
pyrrolidine dithiocarbamate, A-acetylcysteine, as well as the caspase inhibitors Z-VAD- 
FMK and Ac-DEVD-CHO. 

Iron transport is always an issue in the development of any SFM. Added transferrin 
will normally replace the transport potential provided by serum. In protein-free formu- 
lations, a variety of chelators and added iron have been shown to support most cultured 
cells, although many have a preference for particular complexes. Optimal NSO perfor- 
mance can be obtained in this way, although it appears from some studies that NSO has 
a distinct phenotype in this respect compared to other myelomas. A media composi- 
tion-dependent relationship has been observed such that a transferrin replacement 
chemistry that works well in one formulation with a particular clone may not in other 
basal formulations or clones. 

Glutamine supplementation is an absolute requirement for cells that cannot produce 
it on their own, but are obligate for an exogenous source. However, the GS genes 
allowing glutamine production from glutamate and asparagine are available to NSO 
from transfection or fusion with other cells. Some NSO-derived hybridomas have been 
observed to possess a full glutamine synthesis function. It is of note that some SFMs 
identified as “without glutamine” in fact contain trace levels from other ingredients 
(e.g., hydrolysates) that, although not sufficient for full nutrient support, may be sig- 
nificant when employing the GS selection system. 

Lipids, because of their very limited solubility in aqueous media, are a special issue 
in culture media supplementation. This is usually solved by dispersing the lipids in a 
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microfilterable suspension using a number of approaches. The fact that NSO requires 
such a high concentration of a sterol lipid (2 to 6 mg/L of cholesterol) is a particular 
challenge to supplementation. Lipid supplementation issues include solubility, filter- 
ability, dispersion, physical stability, cell delivery kinetics, and container vessel adhe- 
sion. Many technologies are available for this supplementation, including the use of 
vesicles, emulsions, microemulsions, carrier proteins, and carrier polymers such as 
cyclodextrin. 

Vesicles of phospholipids in the lamellar phase can be constructed in the appropriate 
size, and will carry significant levels of cholesterol intercalated between their acyl 
chains. However, issues remain in both the control of the cell delivery kinetics and in 
providing sufficient physical stability to the preparations to allow for a practical shelf 
life (52). The same issue limits the use of emulsions, which are prone to such destabi- 
lization as coalescence. Carrier proteins such as bovine serum albumin (BSA) work 
well, but are both prohibited in protein-free formulations and require high BSA con- 
centrations at the cholesterol levels required by NSO. Carrier polymers such as 
cyclodextrin provide a qualified solution (53). Although cholesterol loads efficiently 
into certain cyclodextrins and the resultant complex is filterable, stable, and innocuous, 
the nature of the association leads to instability in high dilution, determining a require- 
ment for many supplements to be added throughout culture (personal observation). A 
commercially available cyclodextrin-based supplement reported to be stable in high 
dilution is proscribed from supplementation in fed-batch protocols by the manufac- 
turer. A medium composition-dependent relationship exists with the means of choles- 
terol supplementation. Notably, well-established high-cholesterol serum extracts have 
been shown in multiple laboratories to work well with some SFM, but not at all with 
others (personal observation). 

V-Glycan motifs applied to proteins expressed in NSO that are murine specific (e.g., 
Galal, 3Gal(3l, 4GlcNAc) are of concern to some. Attempts to modify V-glycan pro- 
cessing by manipulation of intracellular nucleotide sugar content by adding precursors 
to the growth medium yielded mixed results, affecting some residue ratios or sequences 
and not others (54). 

2.4.2. Chinese Hamster Ovary 

Recombinant protein expression in CHO cells began about 1975 because they were 
readily available, well characterized, easily transfectable and subcloned, grew and pro- 
duced well in low serum concentrations, and displayed higher and robust posttransla- 
tional processes. Since that time, the number of both CHO producer subclones and 
transgenic approaches has increased remarkably. Specific information regarding the 
biochemical and genetic differences between common CHO lines, surprisingly, is dif- 
ficult to obtain. Those desiring to contribute to a casual repository of such information 
may email trish_benton@pacbell.net. 

A number of CHO derivatives have been developed that provide specific features 
useful to producers of recombinant proteins. For example, DG44 are dhfr“, CHO N3 
are AS“, and CHO C55.7 are ODC~. They are therefore valuable for use in the Dhfr, 
asparagine synthetase, and ornithine decarboxylase systems, respectively. Some lines 
provide more than one selection factor. For example, DX B1 1 is both dhfr“ and Ada" 
and therefore can be used in either system. 
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One of the complaints about the CHO system is that it was difficult to obtain the 
levels of expression expected in other systems. Not too many years ago, levels of 2-20 
mg/L of product were considered acceptable. Popular promoters such as hCMV are not 
very efficient in CHO, and several rounds of gene copy number amplification are usu- 
ally required to obtain currently acceptable levels (0. 1-1.0 g/L) of expression. The 
Dhfr system is one way to drive the copy number to 50 or more, and quite acceptable 
levels of production may be obtained this way. However, such levels of copy number 
are difficult to maintain without continued use of methotrexate, which can be an issue 
in large-scale production. 

CHO cells possess all of the basic systems of higher posttranslational modification, 
for instance, proteolytic propeptide processing, N- and 0-linked glycosylation, carbo- 
hydrate trimming, y-carboxylation of glutamic acid residues, hydroxylation of aspartic 
acid and asparagine residues, sulfation of tyrosine residues, phosphorylation, fatty acid 
acylation, and multimeric protein assembly. However, when addressing the production 
of some (e.g., human) glycoproteins, they (1) are inefficient at some specific substeps; 
(2) lack the capacity for some steps entirely; or (3) provide some additional activities, 
any of which can result in nonauthentic product. Although human (and other) cells 
contain both a2-6- and a2-3-sialyltransferase, CHO contains only the a2-6 (55). Nor- 
mal human processing results in the addition of A-acetylneuraminic acid, whereas CHO 
has been reported also to add, to varying degrees, the human oncofetal A-glycolylneura- 
minic acid (56). Efforts to correct these deficiencies have had mixed results. For 
example, a line engineered to express a2-3-sialyltransferase (22) and one to express 
additional pl,4-galactosyltransferase and a2-3-sialyltransferase (57), although bio- 
chemically successful, yielded products of dubious improvement functionally. How- 
ever, this work is clearly the direction of the future, and current efforts to improve the 
functionality of product through cells engineered to provide new, or augmented, pro- 
cessing steps will likely result in lines providing more authentic proteins. 

CHO cells are known to have a very unstable karyotype because of chromosomal 
rearrangements arising from translocations and homologous recombination, especially 
in response to amplification procedures (58). Numerous instances of instability of pro- 
duction, especially in the absence of selective pressure, have been reported. Loss of 
productivity in the extended culture of dhfr“ CHO has been determined to be because 
of a loss of transgene copy number (59). The region of incorporation of incremental 
gene copies is suspected to be a factor in the degree of transgene stability. 

In Dhfr applications, gradual increases in MTX have been reported to effect incor- 
poration into telomeric regions, and this is suspected to result in more stable lines (60). 
Increase in the concentration of MTX from 0 to 20 |LlM, and reaching 500 pM over a 
period of many weeks, has been suggested to yield the most productive derivatives. 
Any basal level of Dhfr activity in the parent line also affects the efficacy of MTX 
amplification. MTX gradient experimentation of the CHO-Kl cell line (RCB 0285) 
transfected with pSV2-GS/hGM-CSF, constructed from pSV2-dhfr and cultivated in 
medium supplemented with 10% FBS (fetal bovine serum) with added glutamate (61 ), 
demonstrated optimal results beginning with no MTX. However, the means of produc- 
ing high levels of expression from CHO are still developing (62). A new vector utiliz- 
ing flanking regions of the Chinese hamster EF- 1 a gene has been reported that provides 
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for high levels of expression of MAb without the requirement of methotrexate-driven 
copy number amplification ( 63 ). 

2.4.3. Episomaliy Based Systems 

From the early work with hybridoma to the current genetically transformed lines, 
large-scale production is based on genes integrated in the host chromosome constitu- 
tively producing the product of interest or, in the case of newer inducible promoters, at 
least continuously maintaining the genetic capability of production. However, there 
are two systems available that, although used for years in small scale, because of recent 
and significant improvements are just now becoming interesting in large-scale applica- 
tions ( 10 ). 

2.4.3. 1 . Transient Expression Systems 

Long-established systems of small-scale transient expression have traditionally been 
the system of choice for the production of total amounts of less than 1 mg of protein. 
The number of systems available for transient expression has been expanding beyond 
the popular COS cell and vaccinia virus. Some can be supplied in large-scale produc- 
tion and therefore are mentioned here. Advantages of transient systems include (1) 
simplicity of expression vector construction; (2) short, high levels of production; (3) 
genetic consistency and stability; (4) flexibility of host cell lines; (5) flexibility in type 
of product produced; and (6) flexibility of combinations of coexpressed product or 
subunits. 

Transient expression systems rely on the high-efficiency introduction of a suitable 
vector into the cells comprising a culture, followed by the immediate expression of 
product from that vector. Therefore, the introduced DNA does not have to integrate into 
the host chromosome or be otherwise maintained in the cell. The system is temporary 
because when a culture has produced product and dies, the process must begin again. 

There are two distinct methods of transient expression; one employs plasmid vec- 
tors, and the other is viral, with the plasmid vector systems relying on the more scalable 
means of transfection or electroporation. Both electroporation and transfection have 
been successfully employed to the 10-L scale. Those transfection methods reported 
successful include calcium phosphate precipitation and polyethyleneimine. Although 
most cell lines would be theoretical candidates for this approach, good results have 
been reported in HEK293, COS, and BHK, with the most promise generally held for 
HEK293. Transfection efficiencies exceed 70%, and expressed product levels for 
nonantibody products generally range from 1 to 10 mg/L. 

Relative expression levels from transient systems are regarded to be higher than sta- 
bly transformed lines; however, absolute levels for a particular construct in a particular 
line are hard to predict. Improvements in systems themselves and in large-scale applica- 
tions are reported. New promoters, recombinant hosts expressing helper functions, and 
means to amplify the copy number and increase persistence of the plasmids in the host 
hold the promise of significant improvement in product yield. Viral vector systems have 
been developed in Semliki Forest virus, adenovirus, and vaccinia virus. These seem to 
hold the most promise for regular large-scale production as each demonstrates one or 
more of the following advantages: (1) cell-based production of the vector; (2) high levels 
of expression; (3) scalability to 1000 L, and (4) wide host range ( 64 - 66 ). 
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2. 4. 3. 2. Episomally Maintained Vectors 

Self-replicating extrachromosomal expression vectors stably maintained in a culture 
of eukaryotic cells possess, at least theoretically, a number of advantages over the cur- 
rently popular integrated vectors (10). Here, although the plasmids are not integrated, 
they are stably maintained in the cell indefinitely, similar to bacterial systems. In vari- 
ous implementations, maintenance of a transformed line for over a year and plasmid 
copy numbers of over 9000 have been reported. New strategies in controlling the run- 
away replication of SV40-derived vectors are allowing the development of one ap- 
proach. Three other viruses with an origin of replication and other features that hold 
promise are bovine papillomavirus, BK virus, and Epstein-Barr virus (EBV). 

Advantages for these systems lie in their high expression levels, expression control- 
lability, and versatility of host. The fact that the expression of product is independent 
of positional effects and copy number variances means that a constant and moderate 
level of expression is maintained throughout passage and cloning. The fact that the 
genes of interest can be maintained at high and controllable copy numbers means that a 
commensurate level of expression can be achieved. An additional advantage for some 
applications (e.g., expression-based cloning) is that, as the exogenous genes are main- 
tained episomally, they can easily be separated from the chromosomal DNA. 

2.5. Cell Culture Techniques 

The techniques of culturing the vast number of mammalian cell types in the many 
media and formats available today have been introduced elsewhere (67). An introduc- 
tion to the handling of suspension cultures is presented here for those with a back- 
ground in the basics of cell culture. 

2.5.1. Culture Basics 

2.5.1 .1 . Shake Culture 

The most popular format for the maintenance and small-scale study of cultures of 
both CHO and NSO is shake, or shaker, culture. This system provides a convenient 
means of suspension culture that produces as close to optimal conditions for growth 
and production as can be easily obtained in the laboratory. One popular implementa- 
tion is the use of 500-mL nominal capacity disposable Erlenmeyer cell culture flasks 
with a platform orbital shaker installed in 37°C jacketed incubators. Suspension- 
adapted cultures may be seeded in 100-200 mL of medium at concentrations from 2 to 
6 X 10^ cells/mL. Cultures are incubated at speeds between 80 and 125 rpm. 

This system may be used with any medium as long as SFM and protein-free media 
are supplemented with a shear protectant. Flask sizes are available to support culture 
volumes from 15 to 1500 mL. The largest flasks are listed in vendor catalogs as 
Fembach flasks. Such cultures support a wide variety of applications, including the 
single-culture seeding of bioreactors up to 20 L. 

2. 5. 1.2. Culture Passage 

Seeding density, doubling time, and peak culture density vary greatly even between 
individual CHO and NSO clones. However, even if little is known about the behavior of 
the clone, its basic properties in the medium and culture format chosen may be estab- 
lished in 1 to 2 weeks. Seeding may be attempted at a few densities between 1x10^ 
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and 1x10^ cells/mL, with the expectation of a doubling time from 22 to 42 hours, peak 
viabilities by trypan blue of 80 to 99%, and peak counts reaching 1 x 10^ to 1 x 10^ 
cells/mL. Cultures should be monitored daily and split while the growth rate and vi- 
ability are still high. 

The optimal density for culture passage can be simply determined by allowing a 
culture under nominal conditions to progress to greatly reduced viability and plotting 
the peak cell density. Then, the standard culture passage point will be established at 
between 1 day prior to, or at, that peak density. Some cells, in some formats and media, 
are sensitive to culturing to peak density, and care must be taken to avoid it. Others are 
more robust and can withstand even extended maintenance at peak densities. The opti- 
mal density at which to seed cultures can be determined by setting up parallel cultures 
at incrementally diminished densities and observing the minimal density at which the 
culture survives or does not lag excessively. 

2.5.2. Culture Media 

For many cells, the most robust, forgiving, and easiest medium to employ is a clas- 
sical basal medium supplemented with a high-quality FBS. In addition, most clones are 
established and come to the production facility in such a medium. The recommended 
media for general maintenance of CHO cells is DMEM-F12 supplemented with 10% 
FBS. NSO maintains well in RPMI 1640 supplemented with 10% FBS. Serum-supple- 
mented media of many varieties have been shown to support good product secretion. 
However, the issues of increased performance; serum availability, cost and lot consis- 
tency; and regulatory compliance have directed many culturists to SFM formulations 
(Table 3). NSO and CHO can be adapted to a number of commercially available cell 
culture media. Both lines have been reported to perform well in a variety of custom- 
formulated and commercially available SFM as long as some cell line- and clone-de- 
termined restrictions and media supplementation are observed. 

Downstream issues for media selection have actually been reduced of late, espe- 
cially for SFM culture. Newer adsorption and affinity chemistries and resins and sim- 
plified purification schemes with increased specificity provide robust purification 
methods with fewer contraindicated raw material components. Most commercially 
available SFM formulations are easily handled by existing purification schemes. 

2. 5. 2.1. Media Platforms 

Serum-dependent media were the first synthetic media developed, beginning 50 
years ago. These media provide all of the glucose (and other energy sources), amino 
acids, major inorganic salts, vitamins, and buffering required by the cells. The serum 
provides sterols, fatty acids, lipid vehicles, growth factors, protein-based shear force 
protection, and additional trace elements and vitamins not provided by the media. There 
are differences in the number of sera available. Sera generated from various species 
and at various stages of animal development determine the relative concentration of 
ingredients active in cell growth promotion and in product processing. The skill and 
care employed in the collection and handling affects the overall quality in many ways, 
chiefly in avoiding contamination from other elements of the animal and in reducing 
hemolysis of red blood cells during processing. Also, there are a number of fortified 
and processed sera available that may provide additional benefits to the culture at a 
reduced cost. 
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SFM have been engineered to provide the activities of serum without the need for 
supplementation. This is accomplished by adding a number of components that pro- 
vide those serum functions to a basal media formulation. These media can be catego- 
rized in many ways, including by the original basal formula from which they were 
built, the cell lines that they support, or the nature of the additional ingredients. 

Protein-free media contain nonproteinaceous ingredients that provide the specific 
functions of, and replace, proteins. These heterogeneous ingredients range from 
hydrolysates of animal tissue to recombinant peptides, synthetic molecules, and organic 
salts. The definition of a protein is often stretched here to include quite large polypep- 
tides. Demand for an absolutely protein-free medium has been reduced in deference to 
the (1) more robust and specific purification techniques available; (2) availability of 
non-animal-derived proteins; and (3) the fact that, regardless of the initial formulation, 
harvest media from cell culture contains some cellular protein anyway. Nevertheless, 
there is a shift from the use of protein because of the availability of protein-free formu- 
lations and cost considerations. 

Chemically defined media contain only ingredients that are either molecularly 
homogeneous or mixtures with constituents that can be identified and their concentra- 
tions fully characterized. Obviously, some definition regarding chemical classifica- 
tions and concentration limits must be accepted in this designation. The impetus for 
this category is mainly reproducibility in performance and purification and transport- 
ability of formulation. 

Animal component-free media can contain anything that does not come directly from 
an animal. Precise definition of this category is ongoing and is driven by the intention 
of the category to avoid the possibility of contamination by infectious agents. Issues 
remaining include (1) the definition of an animal (e.g., yeast); (2) the proximate origin 
of the material (e.g., vs a derivitization of an ultimately animal-derived material); (3) 
raw material traceability (e.g., how far back to trace and what is acceptable certifica- 
tion) of the “nonanimal” component; and (4) acceptable limits of the material’s expo- 
sure to, and contamination by, materials containing animal product (e.g., human 
processors and manufacturing or packaging materials). 

Liquid and powder formats are available for many media. Powder provides a num- 
ber of advantages, especially for large-volume consumers. Maximum lot sizes for a 
liquid product typically reach 10,000 L. Powder lots, depending on the specific weight 
of the formulation, reach over 600,000 L. The shelf life of liquid product ranges from 6 
months to 2 years, although most powders are validated to 3 years or more. The price of 
liquid media ranges from $10 to $45 per liter; the same formulas in powder range from 
$2 to $10 per liter. Another potential feature of powder is the opportunity for slight 
customization at the time of hydration. 

The main disadvantages of powder include the user’s requirements for (1) availabil- 
ity of large quantities of high-quality water; (2) expertise, facilities, and procedures for 
hydration, filtration, and quality control testing; and (3) materials and facilities for 
large-volume liquid storage. The main advantage of liquid is convenience, and for 
large-scale operators, this is especially true as better and larger package sizes have 
become available. The largest liquid packaging available for liquid media (900 L) is 
from Hy Clone® (Logan UT). Another advantage of liquid is the ability to rely on the 
expertise and certifications of the vendor facilities for processing and quality control. 
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Supplementation of a standard medium prior to use is often required to provide com- 
ponents that are (1) too labile to be included in the original formulation (e.g., glutamine); 
(2) optional for standard use (e.g., antibiotics); (3) special application requirements (e.g., 
antifoams); (4) vector-determined selection agents (e.g., hygromycin); (5) cell line-spe- 
cific requirements (e.g., cholesterol); or (6) extensions of standard nutrient comple- 
ments discovered to improve culture performance. The last category introduces the 
supplementation approaches defined in fed-batch culture {see Section 2.6.3). 

Most producers are free to choose any type of medium and supplementation based 
on cost, production efficiency, and other proximate inherent performance features. The 
current trend for pharmaceutical manufacturers in the United States in selecting media 
for new endeavors is, if feasible, to stipulate a serum-free, animal component-free (or 
at least reduced) in a chemically defined formulation with low-to-absent protein. As 
most clonal derivatives present, to one degree or another, their own metabolic pheno- 
type, very large-scale producers face another issue: whether to use a commercially 
available medium or to invest in the optimization of a medium for a particular clone. 
Optimizing a medium to a particular clone and production format can easily increase 
production levels two- to fivefold. However, there are no guarantees, and in some cases, 
little or no improvement in yield over that provided by an off-the-shelf medium is 
obtained. The cost of such optimization ranges from moderate to quite high, depending 
on the facilities, expertise, and schedule available. 

2. 5. 2. 2. Media Selection 

Commercial manufacturers offer a number of media for each of the above platforms 
that well support (given any required supplementation) the basic culture of both CHO 
and NSO. First, the required basic features, such as price or acceptable components of 
the medium, are established. This determines the platform of media to be employed. 
Acceptable vendors are determined by such factors as manufacturer validation, prod- 
uct quality, batch reproducibility, price, and customer service. Vendor and platform 
identification establish the number of media available for initial screening. It is com- 
mon that multiple media (brands or platforms) are tested, even if the basic large-scale 
system has been established before, as variances in characteristics of individual clones 
can affect significant clone-specific media demands. 

After adaptation of the clone of interest to the media selected, initial values for the 
performance of small-scale culture in each are developed. Performance factors exam- 
ined include minimum successful seeding densities, cell division rate, peak cell den- 
sity, peak viable density duration, product secretion kinetics, total product accumulated, 
product quality, raw product stability, performance in purification applications, and 
how well the culture performs physically (e.g., shear damage, foaming, precipitation, 
pH control, and metabolic waste accumulation). 

Once one or more media are selected as candidates for production, further testing 
begins to establish one as an optimal material. Testing in a system most representative 
of the final production system provides the greatest assurance that values established in 
this process development will be predictive of true production runs. Features assessed 
in this stage include culture performance in scale-up, consistency of performance across 
multiple lots of medium, and the performance of the medium in large-scale specific 
procedures. 
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2.5.2.3. NSO 

NSO, especially in SFM culture, demonstrates a particular sensitivity to nutrient tim- 
ing and the effects of impeller, sparge, and cell separation technologies. Many of these 
issues have been solved, but some implementations of SFM, especially protein-free 
culture, remain problematic. 

As NSO cells cannot produce cholesterol, they must obtain 2 to 8 mg/L of it from 
medium supplementation. Because of the metabolic step they lack, functional supple- 
ments to the culture medium must be in the area of lathosterol to cholesterol. Most 
have chosen to employ cholesterol as the supplement, although some cholesterol pre- 
cursors and other sterols (e.g., stigmastanol) do work. It has been observed that sponta- 
neous cholesterol-independent revertants are quite readily generated, although it 
appears that these derivatives are generally reduced in their production capacity. 

Glutamine supplementation is a requirement to varying degrees for the culture of 
animal cells. Glutamine may be available to cells in culture through absorption from 
the ambient medium or from the activity of GS on glutamate and ammonia or aspar- 
agine. One factor affecting the level of glutamine supplement required is a natural 
variability in the capacity of cells from various tissues to express GS. Another is the 
culture history of the cell line in that ambient glutamine levels can regulate endogenous 
GS expression. In the latter case, lines that appear to have a constitutive requirement 
can in fact be adapted to low or absent levels of ambient glutamine. In contrast, NSO 
and derivatives have been shown to be auxotrophs for glutamine ( 26 ). This means that 
culturists must either supply glutamine by supplementation or introduce an exogenous 
source of GS. It has been reported that, although NSO cells do possess an endogenous 
GS structural gene, the generation of spontaneous glutamine-independent phenotype 
revertants is very rare, and those examined have not performed well. 

Culture seeding densities, doubling times, and peak cell densities are very depen- 
dent on the (1) characteristics of the parent line employed; (2) individual clonally 
derived characteristics; (3) selection or copy number amplification system; (4) medium 
and feed or supplementation regime; and (5) specific culture mode. Therefore, accurate 
values for each must be determined for each case. However, in well-agitated suspen- 
sion modes, seeding at 2 to 6 x 10^, anticipating a doubling time from 22 to 35 hour and 
achieving peak cell densities of from 2 to 8 x 10^ can normally be expected. 

2. 5. 2. 4. Chinese Hamster Ovary 

Individual CHO lines display inherent characteristics that must be addressed in their 
handling and culture. For example, Kl, DX Bll, and DG44 are known to have an 
absolute requirement for proline resulting from an inability to convert glutamic acid to 
glutamic 5 y- semialdehyde. This means that, although proline is normally a “nonessen- 
tial” amino acid, media for these lines must be proline supplemented. DX Bll and 
DG44 are mono- and heterozygote for dhfr~, respectively, and therefore, require pro- 
portional nucleosides or nucleotide precursors such as glycine, hypoxanthine, and thy- 
midine in their media. Kl and DX Bll have been shown to have insulin receptors and 
to respond to insulin, or substitutes, in the media. DG44 has been shown not to present 
insulin receptors, and reports of their response to insulin supplementation are mixed. 

The issues of carbon dioxide (CO 2 ), ammonia, and lactate buildup have been en- 
demic problems in high-efficiency transgenic CHO culture. These buildups can nega- 
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lively affect four distinct production parameters: peak culture density, cell-specific pro- 
ductivity, batch- specific productivity, and product quality. Ammonia and lactate can 
become limiting in any culture style, whereas CO 2 only becomes a significant issue in 
larger-scale culture. As with many culture variables, the derivative line, basal media, 
and culture mode greatly influence the appearance and effects of these issues. Modem 
serum-free formulations have addressed the ammonia and lactate issues by modulating 
the metabolic use of glutamine and glucose by the cell through a variety of means, 
including inducing the cells to employ alternative pathways. The effects of CO 2 and 
ammonia, as modulators of intercellular pH, are under examination in terms of ion 
channel and transporter manipulation. 

CHO cells were originally cultured as attached monolayers in serum-containing 
medium. In scales that are large- to very-large, this mode of culture can be employed in 
such culture formats as roller bottles, multilayer stacked-plate monolayer systems, or 
microcarriers. The most popular approach is to convert them to suspension culture 
because most have found this easier to handle and more productive. CHO-S (Gibco, 
1989) was the first suspension derivative generally available. Many popular lines are 
now available as suspension cultures, and most attached cultures may be adapted to 
suspension in 3 to 10 weeks using suspension-modified formulations that provide such 
features as reduced calcium and magnesium (68). For those having trouble with cell 
aggregation, medium additives such as suramin and the polysulfate compounds dext- 
ran sulfate and polyvinyl sulfate have been reported to be very beneficial. 

Intentional genetic modifications (and the associated clonal selection), such as the 
introduction of the genes for de novo transferrin and IGF-1 (69), and incremental pl,4- 
galactosyltransferase (59) can significantly alter (1) specific media supplementation 
required; (2) the quality of the secreted product; and (3) the nutritional requirements of 
the new line. As with the various established lines and each recombinant producer 
clone, CHO lines genetically transformed to provide some added feature can display 
unique metabolic demands. Therefore, optimal performance, especially in large scale, 
can require clone-specific medium optimization. 

As in other animal cell systems, the medium in which any particular derivative is 
cultured can itself influence the characteristics of the product. Production rate and 
glycoform complement from production in serum-containing media as a whole can be 
different from those from SFM (70). The same has been reported for the levels of 
particular media components such as glucose and specific lipids and amino acids. 

A number of metabolism and division rate-altering regimens have been employed to 
boost specific productivity. Of these, sodium butyrate is commonly reported to provide 
between 0.5 and 3 times the benefit in the quantity of product. However, butyrate use is 
also reported to increase the degree and extent of product molecular heterogeneity. As 
the extent and consistency of posttranslational processing required depends on both the 
structure of the original transcript and application of the final product, the effects of 
such production enhancers must be assessed for each case. 

Viability reduction is observed in CHO suspension cultures as they reach peak cell 
densities after 4 to 6 days of culture. This loss of viability has been shown in studies of 
a number of lines to be caused by the onset of apoptosis. The DX Bll line in 2-L 
bioreactor culture was assessed through a variety of apoptosis-specific assays to con- 
tain apoptotic cells throughout culture, with significant levels beginning as the culture 
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entered the stationary phase ( 71 ). It was demonstrated that the vast majority of cells 
contributing to the reduction in overall viability of the culture were apoptotic, as op- 
posed to necrotic. In that study, a correlation to glutamine depletion was not observed, 
but in other studies, the stress of nutrient deprivation and waste accumulation have 
been associated with the onset of apoptosis. Again, whether related to the aggregation 
or not, suramin, dextran sulfate, and polyvinyl sulfate have been reported to help reduce 
apoptosis up to 95%. 

Extracellular insulin degradative activity and a neutral pH glycosidase activity have 
been observed in mature CHO cultures ( 72 ). The former is implicated in culture viabil- 
ity reduction and the latter in the postsecretion generation of heterogeneous molecular 
weight and glycoforms in the product. Control of these phenomena through media 
supplementation was attempted with limited success. The uncharacterized insulin 
degradative activity can accumulate in prolonged culture to the extent of degrading 
even high levels of added insulin. Synthetic substrate assays demonstrated that the 
generation of heterogeneous glycoforms in the product was caused by ambient sialidase 
and galactosidase activity. 

2. 5. 2. 5. Adaptation to SFM 

Moving a culture from its original serum-containing medium to a SFM can be a 
delicate procedure. It is not uncommon for one culturist to conclude that a line will not 
adapt to a particular medium, only to have another succeed. The following direct adap- 
tation can sometimes move a cell line to SFM. The main advantage of this method is 
saving time; using this approach, the culture could be fully adapted to SFM in 4-8 
passages. However, there are some cell lines and clones that are more sensitive to the 
physiochemical and nutritional changes; in some cases, it may take eight or more pas- 
sages for full adaptation. 

The following procedure is generally applicable for CHO or NSO, but expected peak 
cell densities and doubling times may have to be adjusted according to either the respec- 
tive line or the SFM employed. If viabilities decrease to less than 50% or if the cultures 
are growing slowly (population doubling time is >40 hours) for more than two to three 
consecutive passages, then the use of a more laborious sequential adaptation is recom- 
mended. The cultures can be grown and maintained in conventional T-flasks, roller 
bottles, shaker flasks (approximately 1 10-120 rpm), and spinner flasks (approximately 
65-75 rpm) in a CO 2 gassed incubator. It is recommended to start adaptation with higher 
cell densities. Use pre warmed medium for each of the following activities: 

1. Split the cultures grown in the current SFM or serum-containing medium directly into the 
SFM at a seeding of about 0.5 x 10^ viable cells/mL. 

2. When the viable cell density reaches 1 to 3 x 10^ viable cells/mL, subculture the cells to 
0.5 X 10^ viable cells/mL. 

3. Subculture adapted cells one to two times per week when viable cell counts reach 2 to 4 x 
10^ viable cells/mL with at least 85% viability. 

4. When the cells are fully adapted, viable cell counts of many constructs should routinely 
exceed 2x10^ for CHO and 4x10^ viable cells/mL for NSO after 3 to 6 days in culture 
(viabilities should be >85%). CHO cells may tend to aggregate in suspension SFM adap- 
tation; in this case, counting may be accomplished by trypsinization. Dispersed cultures 
may be obtained by repeated removal of aggregates by mild centrifugation. 

5. Fully adapted cultures should be cryopreserved as a master seed stock. 
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Should this procedure not provide success, a sequential adaptation is recommended 
by altering the above procedure to reduce the rate of introduction of new SFM to about 
40% increment over the previous concentration in the first few passages. This means 
that, in each subsequent passage, the percentage concentration of SFM will be 40, 60, 
80, and finally 100. 

2.5.3. Culture Formats 

Culture systems supporting the culture of attached cells include T-flasks, roller 
bottles, microcarriers, and new high surface area multilayer stacked-plate systems. As 
the cells reviewed here may all be maintained in suspension culture, only the T-flask 
system is introduced. 

T-flasks are an acceptable means of maintaining most mammalian suspension cul- 
tures in very small scale, inexpensively, or when performing activities such as trans- 
fection. Suspension-type cells maintained in T-flasks will exist as a loosely adhered 
layer on the bottom face of the flask. Each line and derivative exhibits a slightly differ- 
ent characteristic in this mode. Some cells have a tendency to adhere slightly to the 
flask, but may be loosened by pipetting media across the face of the flask or tapping the 
flask gently on its side. Some suspension cultures will tend to form loose clumps in the 
absence of shaking. These are sometimes dispersible by pipetting, but may have to be 
accepted until the culture is moved into a physically agitated mode. A typical imple- 
mentation uses a T-75 flask with 15 mL of media. 

Suspension culture in many formats demands greater concern for the factors of cul- 
ture surface-to-volume ratio, shear force effects, and medium foaming. In nonbioreactor 
suspension culture, diffusion of gases into and out of the culture occurs at the air-to- 
media interface. Even experienced attached cell culturists are often surprised by the 
degree of gas exchange required by suspension cultures. It is actually the same as for 
cells in monolayer culture, but becomes more apparent and problematic when the 
medium surface-to-volume ratio decreases, as in suspension culture. Shear forces are 
introduced as physical agitation of the culture is introduced to suspend the cells and 
increase gas exchange, and although generally they are not an issue in serum-supple- 
mented media, they can be catastrophic in SFM. Foaming of the media usually begins 
to be an issue in sparged bioreactor culture. A number of procedural, chemical, and 
mechanical solutions to these issues exist ( 73 ). 

Shake flask culture is generally the best way of establishing and maintaining sus- 
pension cultures in small scale. Disposable shake flasks (modified Erlenmeyer) are 
recommended for eukaryotic cell culture and are available in a range of sizes to support 
culture volumes from 20 to 200 mL. The system is scalable through the choice of flask 
size and adjustment of the medium volume dispensed. Aeration, cell suspension en- 
ergy, and shear force can be varied by adjusting the volume of medium dispensed and 
the speed or path of the agitation. Shake flasks are maintained in variable-speed orbital 
shakers designed for use in 37°C warm rooms or jacketed incubators. 

Fembach culture is essentially a larger scale of shake flask culture. As they are more 
easily cleaned and rinsed, glass flasks are acceptable, although disposables are avail- 
able. Cultures from 200 to 2000 mL may be produced in Fembach flasks in the same 
orbital shaker and incubator apparatus used in shake culture. 

Spinner culture is a good way to produce larger quantities of raw product, and it 
supports the largest scale possible before moving to bioreactor culture. There are a few 
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popular designs, but all rely on magnetic stirrers of special design (slow speed, high 
torque) to impel the culture and are maintained in 37°C warm rooms or jacketed incu- 
bators. Spinner flasks are very scalable and support cultures from 30 to 3000 mL. They 
may be the sole system used to adapt a line to suspension culture and expand to 
bioreactor scale. The main reasons to recommend other smaller-scale suspension 
approaches are spinner flask setup costs, flask maintenance, and cleaning. 

Bioreactors are essentially chambers for cell culture that provide containment and 
agitation of the culture as well as temperature and gas exchange control. Applications 
include cultures that demand special gas ratios, greater oxygen delivery rate, or volume 
scale greater than batteries of the above suspension systems can deliver. Bioreactors 
are available to support culture volumes from 100 mL to 15,000 L. So many distinct 
types of bioreactors and bioreactor culture modes exist that even adequate definition of 
them is beyond the scope of this work. As sparged, marine impeller-driven, batch-style 
suspension culture is the most common means of larger-scale culture, it is introduced 
in Section 2.6. 

2.5.4. Cryopreservation 

2.5.4. 1 . Methods 

Preserving cells in liquid nitrogen provides a source of seed cells with a defined 
passage history and any other criteria required by the user. Animal cells remain viable 
at cell freezer temperatures indefinitely. However, although the state of the frozen cul- 
ture is for all intents and purposes fixed, the freezing-and-thawing process can be quite 
stressful to the cells. Only fully adapted cells in excellent condition from cultures in 
mid-log phase growth should be cryopreserved. Optima for the rates of ambient tem- 
perature gradients in the freezing-and-thawing process for individual cell types and 
media formats have been generally established. Automated control cell-freezing appa- 
ratuses are programmable for each application and provide the best results. The main 
advantages of these instruments are: (1) fine process control and programmability for 
process optimization; (2) extreme heat extraction rate and controllability to overcome 
the detrimental heat of crystallization effects on freezing; and (3) programmability for 
consistency in application. For manual methods, the general paradigm is to reduce the 
ambient temperature between 1 and 0.1 °C per minute -70°C, followed by immediate 
immersion in liquid nitrogen. A basic cryopreservation medium consisting of 7.5% 
dimethyl sulfoxide in 50% fresh and 50% conditioned media is a recommended start- 
ing point. The addition of other cryoprotectants, such as BSA, glycerol, PVP, and 
sucrose can help with troublesome cultures. 

2. 5. 4. 2. Cell Banks or Stocks 

The banking of cells and the expansion of cultures for large- to very large-scale 
production is a well-regulated procedure for production in the biopharmaceutical in- 
dustry, and its basic principles are valuable even to small-scale producers in research. 
Establishing a master cell bank (MCB) from low passage number, well-characterized 
cultures can provide a source of known starting/reference material for years of work. 

Essentially, an MCB is established by producing a batch of culture calculated to 
provide sufficient individual vials of cells to ensure availability for the duration of the 
project and beyond. For large-scale producers, 20 to 100 (1- to 2-mL) vials are suffi- 
cient because, under usual conditions, this stock is accessed infrequently, depending 
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on the scale and regulatory status of the process. The MCB can be a source for pur- 
poses from product or process development to commercial transfer. 

Following the production of the MCB, even research-grade producers should take 
every effon to ensure that the bank is excellent quality, perfectly represents the cell 
line established in all categories of definition, and is maintained in a way to ensure its 
permanence. The MCB becomes the definition of the cell line. 

A working cell bank (WCB) is then usually established to provide vials of seed for 
each individual production. New WCBs may be established from the MCB, but for 
many producers, a judicious assessment of need allows all production to begin from 
just one WCB. As a fresh vial from the WCB is used for each culture expanded to 
production, and possibly in process development and failure analysis, the production 
of two to three times the anticipated production runs is recommended. For many, this is 
in the range of 100 to 300 (1- to 5-mL) vials. Accordingly, this stock is produced in 1- 
to 20-L batches. 

2.6. Protein Production 

Once the cell line, vector, and promoter have been chosen and the genetically trans- 
formed clone and medium format selected, an adapted stock is produced and frozen. 
Following the characterization of product secretion in small scale, the system is ready 
to be transferred to large scale. 

2.6.1. Bioreactor Operation 

This outline assumes a general knowledge of the setup procedure of the specific 
bioreactor in operation and of a step-by-step protocol for its operation. Steps presented 
here assume the most basic batch format {see Section 2.6.3). In-depth approaches to 
bioreactor operation are generally available (74). 

Cleaning: Toxic material (deteriorated cell mass, endotoxin caused by stored cell 
mass, or cleaning materials) left in the bioreactor vessel or head-plate ports after poor 
cleaning procedures can lead to poor cell growth or death. Except for the probes, all 
parts (including the vessel) can be cleaned with a sponge or brush and a detergent 
solution. Perform a sequential rinse of all the bioreactor parts with hot water (prefer- 
ably deionized), 0.5M NaOH (optional), hot water, and a final rinse in deionized water. 
Allow to air-dry. 

Reassembly: Care should be exercised to effect reproducibility in reassembly and 
tubing configuration to ensure batch-to-batch consistency in seeding, sampling, supple- 
mentation, and product removal. Refer to manufacturer’s guides for proper pH elec- 
trode calibration, for autoclaving procedure, DO electrode calibration, and reassembly 
procedure. It is recommended to use fresh tubing for each run, especially if it is worn or 
discolored, if virus was employed in the last run, if contamination occurred, or if there 
is a change in cell lines or processes. 

Seed Train: A seed train is a protocol established for use in each production run. It is 
the scheme for the generation of a production culture from a vial from the WCB. A 
typical seed train for large-scale producers begins with a vial recovered from the WCB, 
expanded in a shake flask to 20-200 mL, and expanded again in 1.5-L Fembach or 
spinner flask to 500-2000 mL. This then becomes the seed for spinner batteries or 
bioreactor lots of from 5 to 20 L. The process may be shortened or extended one step to 
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accommodate smaller or larger lots. However, such a defined process is recommended 
even if not required. Monitoring of passage number, culture split ratios, doubling times, 
and count at time of passage is imperative for high-yielding and consistent bioreactor 
runs, as is seeding from cultures of consistent cell count and day in their growth cycle. 
Seed is best produced from one source flask. 

Reactor Inoculation: The dilution required to produce the seed cell concentration is 
calculated. For some cell facilities, cell lines, seed densities, or bioreactor volumes, it 
is necessary to pool multiple seed flasks or expand the culture in a reduced bioreactor 
charge prior to the final seed. Smaller reactors can be charged by configuring tubing or 
venting to 1-L bottles, but larger reactors require media purchased or hydrated in large- 
volume containers with integral porting. The reactor is first charged with the culture 
medium and equilibrated to initial operating settings, then the seed is introduced. 

2.6.2. Performance Characterization and Optimization 

The final word in “productivity” is based on the amount of purified, active product 
inventoried per the cost in time, equipment, and materials required. Efficiencies can be 
assessed and modulated in every step of the supporting systems, beginning with the 
selection and modification of the product’s structural gene to the packaging of purified 
product. Even when narrowing the scope of production efficiency to the optimization 
of a particular transgenic line in a particular mode of culture, there are still multiple 
parameters that affect the net raw product collected, such as culture performance, prod- 
uct secretion efficiency, stability of the product postsecretion, and product collection 
or processing efficiency. The performance factors that involve the secretion of product 
from an established transgenic line in the production mode selected are addressed here. 
2. 6. 2.1. Culture Optimization 

The two basic ways to enhance product secretion from a given line in a given system 
are to raise the specific productivity on a cellular basis or to increase the number of 
cells producing per unit volume of culture. An increase in the net cell-specific produc- 
tion can be achieved by: (1) raising the rate of product secretion per time; (2) increas- 
ing the percentage of efficient producers in the culture; or (3) extending the elapsed 
production period. For example, in a culture of 3 x 10^ cells/mL containing 40% of the 
cells secreting product at 1 pg/cell a d for 3 d, there are four ways of doubling the 
aggregate production: (1) doubling the peak rate of secretion to 2 pg/cell a day; (2) 
doubling the number of efficient secretors in the culture to 80%; (3) doubling the pro- 
duction period to 6 day; or (4) doubling the cell density to 6 x 10^ cells/mL. 

Means of approaching the two basic product secretion enhancements mentioned 
above include: (1) selection or engineering of vector, promoter, promoter-enhancing 
elements, and integration mechanisms or sites; (2) selection or engineering of the host 
cell; (3) amplification of the resident copy number in the host; (3) increasing the copy- 
specific transcription or translation rate; (4) selecting for efficiently secreting cells in 
the culture; (5) modulating the basal culture environment, including the medium nutri- 
ent composition or gas exchange rate; and (6) supplementing the culture with produc- 
tion-enhancing agents at the time of peak production. Many of these approaches affect 
more than one of the basic production enhancements; for example, medium nutrient 
composition optimization can increase the per cell secretion rate, extend the produc- 
tion period, or increase the peak cell density. 
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A complicating aspect of any of these approaches is that they are often interdepen- 
dent, such that actions to drive one in a positive direction can inversely impact others. 
A commonly observed example of this is that nutrient supplementation that increases 
ihe culture density often reduces the cell- specific production rate. Only approaches 5 
and 6 fall within the scope of this chapter and are further considered here. 

Beyond optimization of the basal medium to the individual clone, the addition of 
concentrated supplements of those nutrients measured as highly consumed in 
midculture can result in significantly increased performance. Product expression, se- 
cretion, and net production have been shown to be very dependent on nutrient supple- 
mentation, alteration, timing, and depletion as well as on other culture environment 
perturbations ( 22 , 50 , 51 , 75 , 76 ). Means commonly employed to assess the specific nu- 
trients highly consumed in the clone or medium addressed include high-performance 
liquid chromatography for such components as amino acids, nucleosides, and some 
vitamins and lipids and gas chromatography for other lipids, such as cholesterol. A real 
asset in these assessments is the newer and automated instrumentation available, which 
provide a real-time panel of nutrient and waste product levels. For example, YSI Inc. 
(Yellow Springs, OH) distributes instruments providing values for lactose, sucrose, 
galactose, lactate, glutamine, glutamate, ethanol, methanol, choline, oxygen, carbon 
dioxide, ammonium, potassium, and hydrogen peroxide. They feature instruments that 
can provide six analyses at a time and even an aseptic monitoring and control system 
that pulls samples directly from a bioreactor, produces measurements, and immedi- 
ately directs the replenishment of nutrients as it maintains the sterility of the process. 

Reasons for not including additional quantities of these highly consumed nutrients 
in the basal medium prior to culture commencement include toxicity to low-density 
cultures, solubility and precipitation issues, component degradation in storage, and in- 
efficient metabolism at extreme levels. Components found generally consumed at high 
rates are glutamine and glucose, some vitamins, and host line- or even clone-specific 
amino acids. Osmolality in the designed supplements can usually be maintained 
because most media components, such as inorganic salts, are not included in the supple- 
ment. Aspects of this approach anticipate the concept of the fed-batch method of cul- 
ture outlined in Section 2.6.3. 

Product secretion kinetics through the culture cycle is known to be a production 
issue. It is common to see cultures in their peak growth phases yield very reduced 
product, only to shift suddenly to a production mode at the point of reduction of divi- 
sion rate and viability. A related theme observed is that cultures either inhibited for (or 
at least introduced to a condition suboptimal for) nominal cellular proliferation or spe- 
cifically arrested at particular stages of the cell cycle can be stimulated to higher over- 
all product accumulation on a per cell, culture volume, or time basis. Some of these 
reports are contradictory within the scope of the parameters measured, and most appear 
to be derivative, medium, or culture configuration dependent. A variety of nutrient and 
culture environment perturbations applied to cultures at advanced stages of cell growth 
has been shown to induce increased production rates. These include the reduction in 
either essential or nonessential nutrients (77); the addition of a bolus of such nutrients 
( 51 , 78 , 79 ); change in ambient pH ( 75 , 80 ), tonicity ( 50 ), ion complement ( 22 ), or CO 2 
tension ( 51 ); and the addition of a variety of toxicants or cytostatic agents, including 
those that specifically inhibit cell division or DNA replication ( 81 , 82 ). 
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2. 6. 2. 2. Statistical Design and Modeling 

Many mathematically based approaches to the optimization of complex problems, 
such as culture nutrient component design and bioreactor process engineering, have 
been developed. Basic strategies are referred to in terms such as borrowing, component 
swapping, and biological mimicry. A number of statistically driven methods of experi- 
mental design have been developed, including the partial factorial, Plackett-Burkman, 
and Box-Behnken. Advanced computational methods (neural networks and fuzzy 
logic) have been applied to deal with the types and volume of data returned from such 
systems. Mathematical model simulation of such general types as structured and un- 
structured can provide predictions of culture performance in unassayed conditions. 
Whether any of these techniques are employed, a familiarity with their principles can 
create insight to even less-rigorous experimental approaches and design, which aids in 
more rapidly designing or improving the conditions addressed. Many reviews of such 
design and modeling techniques are readily available ( 83 , 84 ). 

2. 6. 2. 3. Bioreactor Optimization 

Once the performance of a particular transgenic line is optimized in a particular 
medium in small scale, the scale-up to bioreactor production requires its own optimiza- 
tion. Environmental heterogeneities because of inherent consequences of bioreactor 
design have been well documented. Gradients in carbon dioxide, oxygen, pH, and nu- 
trient substrate are established because of the style and extent of mixing established by 
the size and configuration of the bioreactor vessel, impeller, spurge dynamics, and 
intrusive porting and probes. Although this has been observed and measured in large 
scale, it becomes most evident in very large-scale culture. 

The basic reason for the discontinuity in conditions during scale-up is that, in these 
complex and dynamic systems, maintaining a particular constant in scale-up can be dif- 
ficult to impossible. For example, maintaining a constant speed of the impeller as the 
vessel size increases results in reduction in mean circulation time. Alternatively, main- 
taining a constant mean circulation time eventually results in unmanageable equipment 
requirements or harmful shear forces imposed by consequent fluid velocities. Similar 
scale-induced issues exist for other systems, such as gas exchange. Many of these issues 
can be simply predicted by the laws of Newtonian fluid mechanics. Others, although 
discovered empirically, can eventually be defined, albeit in sometimes complex explana- 
tions. Suffice it to say that the culture conditions present in a 100-mL shake flask culture 
cannot be uniformly established even in large scale. Nevertheless, by employing com- 
mercially engineered equipment and working within ranges of monitored values previ- 
ously established for a general culture format, good, although not necessarily optimal, 
performance can be expected in a relatively short time. 

2. 6. 2. 4. Scale-Down Approach 

For those knowledgeable in the general performance of their bioreactor with the me- 
dia and cell line of interest, optimal performance can be more readily obtained in what is 
known as the scale-down approach. Here, the conditions possible in large scale are imi- 
tated in small scale to study and optimize or remedy more efficiently the results of cul- 
ture production in those conditions. For example, if the oxygen tension possible for a 
particular culture at a particular density in the reactor is known, then experimentation in 
various nutrient conditions at that level can be accomplished to optimize the medium for 
the large-scale condition ( 85 ). 
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2.6.3. Operating Formats 

Batch: Batch culture is the simplest system to operate and scale. In batch culture, the 
reactor is seeded with a cell inoculum, medium, and required supplements, and from 
that point, nothing is added to, or removed from, the reactor vessel except gases and 
possibly alkali for pH control. The operator monitors dissolved gases, sparge and gas 
mixture rates, pH, temperature, and total and viable cell and sometimes product yields 
on a daily or bidaily basis. The cell line, vector, and culture medium determine the 
product secretion kinetics. A number of factors determine when the culture is har- 
vested for product. These factors include the (1) nature of the expression system; (2) 
culture’s secretion kinetics; (3) requirement for product molecular homogeneity; and 
(4) any protease activity associated with the particular culture. 

Fed batch: Fed batch is becoming the most widely used approach to large- and very 
large-scale production. Here, cultures are supplemented one or more times with critical 
nutrients at rates reflecting how they have previously been observed to be metabolized. 
This allows the maintenance of optimal levels of these components, which is one 
parameter in allowing the culture to progress beyond levels obtained in batch mode. 
These nutrient supplements are added using either continuous or discontinuous 
(stepped) protocols. Nothing is removed from the culture during the run. Fed-batch 
processes generally focus only on components with high depletion rates. Typical com- 
ponents addressed are glucose, glutamine (or glutamic acid) and other selected amino 
acids, vitamins and trace elements, although each cell line and even sub-clone can 
present unique requirements. One example of this is NSO-derived clones, which can 
require additional cholesterol in the feed. The timing of nutrient addition in stepped fed 
batch and the rate of delivery in continuous methods can, in some cases, be as critical 
as the composition of the additives. The frequency of feed can be determined empiri- 
cally or by following the rate of oxygen consumption, cell density, product accumula- 
tion, or indicator nutrient levels and it comparing to previously established values. As 
each cell line, clone, and medium combination defines a unique demand for any par- 
ticular nutrient, it is difficult to generalize about specific nutrients or feed timing (86). 
Fed-batch processing, although it supplies additional nutrients, does allow waste prod- 
ucts to accumulate in the medium. However, with few exceptions, product levels will 
be higher in fed-batch approaches than in batch processes (87). 

Chemostat: In chemostat, a reactor is seeded, and culture is expanded normally. 
Once the cell density reaches a predetermined density, cells and medium are constantly 
removed, and fresh medium proportionally added to maintain a steady state. The con- 
centrations of cells, nutrients, product, and waste are maintained at a constant density. 
Optimal density of the culture can be defined by such parameters as medium exhaus- 
tion, maximum product secreted, product quality, or cell metabolism. This optimal 
density can be sustained as long as the reactor systems can be maintained. Chemostat 
has not proven viable for large-scale production, but does provide valuable informa- 
tion for application to fed-batch or perfusion processes. 

Perfusion: Perfusion processes allow the constant removal of secreted product and 
waste products as well as maintenance of nutrient levels. As spent medium is recov- 
ered, a normal complement of nutrients is fed into the system. This process relies on a 
cell separation device to retain cells in the system. Common cell retention devices are 
cell settlers, spin filters, and filtration membranes. Fresh culture medium is the prin- 
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ciple nutrient supply used to feed cultures and maintain a constant volume by balanc- 
ing the fresh medium input rate with the spent medium removal rate. Adjustment of the 
rate of perfusion in response to metabolic demands is the main process control under 
standard perfusion procedures. The exchange of one-half to one reactor volume of 
medium per day is a nominal rate. At operating cell densities, cells are exposed to a 
higher specific concentration of the full complement of nutrients and a lower concen- 
tration of waste than in chemostat or fed-batch systems. Therefore, higher peak cell 
densities are possible. Practically, the limit of cell density becomes one or both of two 
high cell density-determined events: the gas exchange rate to the medium and the rhe- 
ology of the cell mass. This essentially means that, as cell densities increase beyond 
about 5x10^ cells/mL (depending on cell line and other factors), the physical means of 
supplying oxygen cannot keep up with the culture demand, and the culture becomes 
too thick to operate in the distribution and filtration systems. 

2.6.4. Example Run 

This section describes the elementary batch-style production of a recombinant MAb 
from a proprietary, low-efficiency, GS NSO transfectoma. Production is in a Collagen 
Plus® 20-L bioreactor (New Brunswick Scientific, Edison, NJ) using HyQ® SFM4MAb™ 
(Hy Clone) supplemented at seeding with HyQ LSIOOO™ lipid supplement (Hy Clone) 
and GS Supplement (JRH Inc.). Two- to threefold higher cell and MAb production may 
be obtained without gene copy amplification using a fed-batch mode and optimized 
supplementation. Depicted are the values obtained for viable cell counts and MAb pro- 
duction (Fig. 2). 

2.6.4. 1 . Materials 

1. Cell line: Proprietary GS NSO producing MAb 

2. Media: HyQ SFM4MAb without L-glutamine cat. no. SH30391 

3. Supplements: HyQ LS-1000 SH30554 and JRH GS Supplement 58672-lOOM 

4. Bioreactor: 20-L New Brunswick Celligen Plus 

5. Impeller: Pitched-blade marine style 

6. Tubing connection: Welded connections via Terumo 7272 IT tubing welder and C-Flex 1/ 

8 id tubing 

7. Filters: Pall 0.2-pm Acropac 300 and Pall 0.2-pm Acrovent 

8. Enzyme-linked immunosorbent assay: Zeptometrix 0801182 

9. Chemistry analysis: Nova Bio Medical BioProfile Analyzer 100 

2. 6.4.2. Setup 

2.6.4.2.I. Bioreactor: Preautoclaving 

1. Cleaning: Clean and rinse reactor vessel thoroughly. 

2. Port Configuration: 

a. 15 -cm tubing Luer fitted headspace port for supplementation during run. 

b. 1-M tubing Luer fitted headspace port for supplementation during run. 

c. 10-cm tubing length headspace port fitted with an Acrovent filter for headspace gas 
overlay. 

d. 10-cm tubing Luer fitted midvessel port for culture sampling. 

e. 1-M tubing welded closure midvessel port for culture and medium addition. 

f. 1-M tubing welded closure vessel-bottom port for culture removal. 

g. 10-cm tubing sparge ring port fitted with an Acrovent filter. 
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Fig. 2. Results of a bioreactor culture of a transgenic cell line. A 10-L Celligen Plus bioreactor 
was seeded at 3 x 10^ cells/mL with an IgG>secreting GS NSO in HyQ® SFM4MAb^^ and 
supplemented with LS-1000™ high-cholesterol lipid supplement. The reactor was sampled 
daily for viable cell count and secreted product accumulation. 



3. Probe configuration: 

a. P0727-5742 Broadley James pH probe 

b. P0720-5562 Broadley James DO probe 

c. Thermocouple probe for temperature measurement 

4. Vessel: Add 4 L PBS to reactor vessel, seal welding closures, cap/wrap Luers. 

5. Head plate: Secure, confirm impeller fit and rotation. 

6. Dynamic testing: Install, connect, and operate impeller and sparge to ensure physical operation. 

7. Probe calibration: Calibrate pH probe according to manufacturer’s instructions. 

2. 6.4. 2. 2. Bioreactor: Postautoclaving 

1. Vessel: Install and connect water jacket, condenser, gas inputs and outputs, and probe 
cables. 

2. Control panel: Turn unit on and set DO calibration to “manual.” 

3. Incubation: Prime DO probe for 6 hours according to manufacturer’s instructions. 

4. Probe calibration: Calibrate DO probe according to manufacturer’s instruction. 

Inoculum 

1. L culture in 2.8-L Fembach flask seeded at 3 ¥ 10^ cells/mL. 

2. Incubated at 120 rpm at 37°C, and harveste on day 4 or 5 at 2.5 ¥ 10^ cells/mL, 96% 
viable. 

Seeding 

1. Remove PBS from bioreactor using one vessel bottom port and a peristaltic pump. 

2. Add 7 L fully supplemented medium via the same midvessel port and peristaltic pump. 



Viable CellDentIty x 10^4 
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3. Set instrument mode to “DO/pH” and “PID.” 

4. Set “RPM” to 50, “Temp” to 37, “DO” to 50, and “pH” to 7.2. 

5. Add inoculum via a second midvessel port and peristaltic pump. 

Operation 

1 . Initiate aspargation via the sparge ring and head gassing via headspace port. Set initial 
flow rates to 110 and 525 mL/minute, respectively. 

2. Sample daily or bidaily via sample port by aseptically withdrawing 50 mL and discard- 
ing, followed by withdrawal of a second 50 mL for assay aliquots. 

3. Assay for cell count, lactate, glucose, glutamic acid, and ammonia. Dispense or store 
samples for future product level assay. 

4. Monitor gas saturation and adjust flow accordingly to maintain O 2 at 50% and pH at 7.2. 

5. Add any supplements or feed postculture sampling by aseptically connecting syringe or 
bioprocess container and peristaltic pump to 15-cm or 1-M tubing on headspace port. 

Harvest and Analysis 

1. Terminate run at day of duration or cell viability predetermined in scale-down studies. 

2. Collect raw culture mass into bioprocess container via vessel bottom port. 

3. Examine metabolite consumption and waste buildup against culture progression and 
product accumulation. 

4. Calculate cumulative and specific productivity. Design subsequent runs in light of ac- 
cumulated results. 

3. Insect Systems 
3.1. Overview 

The major method of producing recombinant proteins in insect cells is by using the 
baculovirus expression vector (BEV) system (88-91). This helper-independent virus- 
based system has become one of the most widely used for those desiring to produce a 
significant amount of protein in small-to-large scale in a short period of time. It can 
often deliver gram-scale quantities of product much more quickly than recombinant 
CHO or myeloma. This is because constructing a recombinant baculovirus is consider- 
ably faster than generating a high-expressing recombinant mammalian line, and direct 
cloning methods of recombinant virus construction have further enhanced this feature. 
Although examples exist of its use in the very large scale and for therapeutic products, 
the BEV system has yet to become a major player in this area; however, recent signifi- 
cant developments might change this. These developments include transgenic cell lines 
that provide new cell culture and product-processing features, stably transformed lines 
that produce product continuously, and applications in the field of viral vectors. 

The basic system exploits a natural lytic viral life cycle in cells derived from insect 
species that are natural hosts for baculoviruses. When insect cells are infected by a 
baculovirus, a natural protein produced by its most powerful promoter can accumulate 
by up to 50% of the total cellular complement. Replacing a native gene with that of the 
desired product causes the virus to produce the product in high levels. Derived from an 
animal, insect cells have the capacity for many required protein-processing and trans- 
port activities and are therefore a good candidate for expression of secreted proteins 
requiring folding, modification, or assembly. One disadvantage of the system is that, 
beyond the ubiquitously required steps of gene identification and cloning and cell cul- 
ture and transfection, those who wish to employ the BEV system are required to become 
proficient in some theory and techniques in baculovirology. 
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The essential steps of the system are (1) selecting the insect cell, virus, or expression 
vector to be used; (2) producing a recombinant virus containing the gene for the desired 
product; and (3) infecting an insect cell culture to produce a lytic infection that results 
in a burst of product expression prior to cell death. Although over 500 baculoviruses 
have been identified, only 2 have been commonly accepted as expression vectors. 
Although both Bombyx mori nuclear polyhedrosis virus and Autographa californica 
nuclear polyhedrosis virus (AcMNPV) have provided features for large-scale produc- 
ers, AcMNPV presents some practical advantages. AcMNPV has therefore become the 
dominant system and is presented here as a model. Even experienced mammalian cell 
culturists desiring to employ insect and BEV systems will have many new technologies 
for skilled development. A sufficient portrayal of them is beyond the scope of this 
chapter, but is available elsewhere (90,92,93). 

3.2. Baculovirus Basics 

Baculoviruses, of the family Baculoviridae, are a diverse group of viruses known to 
be maintained only in arthropods; they are noninfectious in vertebrates, an advantage 
over many other viral systems for producers of therapeutic products. These enveloped 
viruses have rod-shaped capsids about 45-300 nm long. Their genome consists of one 
double-stranded, covalently closed, circular DNA strand, which for AcMNPV is 
approximately 130 kbp. The large size of the genome is an advantage to the system as 
it can accommodate quite large segments of exogenous DNA. 

As with most animal viruses, their life cycle has been categorized into immediate 
early, early, late, and very late phases. The virion enters the cell by adsorptive 
endocytocysis and moves to the nucleus, where the DNA is released. DNA replication 
begins about 6 hours after infection and continues for approximately 70 hours, ending 
with the death of the host cell within an additional 2 to 4 days. Viral protein production 
begins at about 6 hours, and a cascade of various promoters is induced for the next 20 hours. 

3.2. 1. Native Baculovirology 

The biology of the natural infection process underlies the power of the BEV system. 
A natural infection results in virions embedded in a crystalline protein matrix variously 
referred to as polyhedral occlusion bodies, polyhedria, occluded viruses, or polyhedral 
inclusion bodies (PIBs). The protein comprising the crystalline matrix in which the 
virion resides is known as polyhedrin. Insect larvae ingest these polyhedria, which are 
then dissolved in the gut to allow infection. Once this infection progresses from cell to 
cell throughout the larvae, it eventually ruptures and releases new PIBs into the envi- 
ronment to be consumed by other insect larvae, thus continuing the cycle. 

3.2.2. In Vitro Baculovirology 

The infection cycle in the laboratory begins with a culture of insect cells in log- 
phase growth. Nonoccluded (not entrapped in a PIB) baculovirus is introduced, and the 
culture becomes infected. In the succeeding few days, recombinant secreted product 
and new virus accumulate in the culture medium. Recovered medium is then a source 
of both product and virus to infect new cultures. When moving the baculovirus infec- 
tion cycle to the laboratory, some proteins, such as polyhedrin, become unnecessary 
for the infection cycle, and their genes become candidates for replacement with the 
gene of interest. 
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Generation of recombinant virus through allelic replacement is accomplished either 
within a virally infected insect cell through homologous recombination with a trans- 
fected transfer plasmid or by direct cloning in E. coli using a shuttle vector. This pro- 
cess minimally takes from 4 days to 4 weeks, depending on the system used. Some 
additional time is required for optional in-depth screening of clones or product. Once a 
successful clone of virus is secured, a master stock of recombinant virus can be pro- 
duced and titered in an additional 2 weeks. Stocks of virus are stable in refrigerated 
storage for months and in liquid nitrogen indefinitely. 

3.3. Gene Vectors 

Unlike production methods for stably transformed lines, the BEV system relies on 
the activity of a viral infection to drive the expression of the recombinant product. All 
means of establishing this productive viral infection are based on incorporating the 
structural gene of the product under the control of a viral promoter, such that the gene 
is expressed at a high rate during the infection. There are two major approaches to this 
end, as well as many variations of these approaches, which are selected according to 
such factors as (1) the speed with which production of each protein must commence; 
(2) the type and number of genes to be concurrently or sequentially expressed; and (3) 
the cost of establishing each system. 

3.3.1. Transfer Vectors 

The original system of recombinant virus generation was through allelic replace- 
ment via a transfer vector. It begins by the insertion of the gene of interest into the 
vector downstream of a promoter and between flanking regions homologous to an iden- 
tified region in the viral genome. The vector is then mixed with baculoviral DNA and 
transfected into a culture of insect cells. Native enzymes within the cell mediate an 
occasional recombination event between the vector DNA within the homologous flank- 
ing regions and the viral DNA. This rare event within the culture results in some virus 
in the culture containing the gene of interest under control of the selected promoter. 
Plaque purification of the supernatant from this culture is required to separate success- 
ful recombinant virus from unsuccessful recombinants (e.g., single crossover) and the 
parent strain. 

The essential principle in the plaque-based selection of a successfully recombined 
virus is the use of some marker system to allow visual distinction of successful double- 
crossover recombinant virus. A number of types of transfer plasmids have been devel- 
oped, providing many options with features such as (1) the means of recombinant 
selection; (2) the number and type of promoters and enhancers employed; (3) the num- 
ber of exogenous genes accepted, and (4) the cloning strategies accepted. 

3.3.2. Shuttle Vectors 

The construction and purification of a recombinant baculovirus for protein produc- 
tion using standard transfer plasmid and plaque assays can take as long as 4 to 6 weeks. 
This period can be reduced to several days, and multiple rounds of plaque purification 
can be eliminated, using a baculovirus shuttle vector (bacmid). The bacmid can repli- 
cate in E. coli as a plasmid and can infect common lepidopteran insect cells as a 
baculovirus. It is a recombinant virus genome that employs the mini-F replicon for bac- 
terial replication and attTn? as a site for the bacterial transposon Tn7-mediated cloning. 
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The system begins with insertion of the gene of interest into a cloning site within a 
donor plasmid. This donor plasmid contains an expression cassette consisting of a 
baculovirus promoter and a multiple cloning site, flanked by Tn7 transposon sequences. 
When cotransfected with the bacmid into E. coli, the expression cassette is transposed 
to the bacmid via the Tn7. Selection of successful events and isolation of recombinant 
bacmid DNA are accomplished using standard bacterial cloning techniques. Introduc- 
tion of the bacmid DNA into insect cells results in a standard lytic infection. The prog- 
eny virus from this infection is then handled and employed as recombinant baculovirus 
(94). A patented, commercially available bacmid system may be licensed from 
Invitrogen Corporation. 

3.4. Insect Cell Lines 

Of the many lepidopteran insect cells established in culture, only three, Sf-21, Tn- 
5B1-4 (Tn5 or High Five™), and Sf-9, have become dominant in the AcMNPV-based 
system. Cells may be secured from such sources as the ATCC, PharMingen, or 
Invitrogen. Sf-9 is a clone of IPLB-SF21, originally derived from Spodeptera 
frugiperda, the fall army worm, and is probably the most common for large-scale pro- 
duction. Nevertheless, many emphasize the higher production capability of Tn5, espe- 
cially in low -passage stocks (95). Factors to use in the selection of cell line include (1) 
growth rate; (2) support of virus production and plaque purification; (3) amenability to 
suspension and large-scale culture; (4) production and processing capabilities; and (5) 
pedigree for regulator and passage number use. As with mammalian expression sys- 
tems, those desiring the very best rate, homogeneity, and authenticity in production 
have a formidable job in both general system and subsystem component selection. 
However, those with less-stringent requirements should approach the system that is 
most accessible to them from licensing, information, and materials points of view. 

3.4.1. Genetically Transformed BEV Hosts 

A major application of the BEV system is to produce human and other mammalian 
proteins. Proteins produced in insect cells display the results of many higher animal 
protein-processing pathways; however, significant differences have been noted for 
years between the glycoprotein-processing pathways of insects and higher eukaryotes 
(96). Differences have been observed between many native V-glycan structures of gly- 
coproteins and of those proteins produced in the BEV system (91,97). V-Glycan pro- 
cessing in native lepidopterin cells is truncated and lacks both the sialyltransferase and 
the CMP-sialic acid required for full mammalian-type processing (98). Isolated re- 
ports have been made on the ability of some established insect cell lines to produce 
some glycoproteins with complex, terminally sialylated V-glycans, and some sialyla- 
tion activity has been provided, through various means, to the BEV system. However, 
until very recently, no reports showed large-scale production of properly sialylated 
mammalian proteins in the BEV system. 

A transgenic Sf9 line has been developed (and is now commercially available) that 
has been genetically transformed to provide the mechanisms required to produce many 
mammalian proteins with authentic glycosylation. This was accomplished by produc- 
ing a model of the pathways required for the observed V-glycosylation in both insect 
and mammalian products (Fig. 3) and introducing enzymes required for mammalian- 
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Transgenic cell lines: SfB4GalT, presumably TnSMGalT 
BEVS: AcP(+)lElGalT 

Monoantennary, terminally monogalactosylated, " COMPLEX ” 



Transgenic cell lines: Sf64GalT/ST6, presumably Tn564GalT/ST6 
BEVS: AcSWT-l,2b,2c 

Monoantennary, terminally monosialylated, " COMPLEX " 



Transgenic cell line: SfSWT-1 

BEVS-transgenic cell combination: AcP(+)10KlEGnTIlATnB4GalT 
Biantennary, terminally monosialylated, " COMPLEX " 



Transgenic cell line: SfSWT-3 

Biantennary, terminally monosialylated, some disialylated, " COMPLEX " 



Fig. 3. Protein N-glycosylation pathways in insect and mammalian cells. Monosaccharides 
are indicated by their standard symbolic representations, as defined in the key. The structures 
of the A^-glycans produced by new transgenic lepidopteran insect cell lines in the BEV sys- 
tem are shown as well. 



type processing, but apparently absent, or silent, in the insect cell (3). SfSWT-1 is an 
Sf9 cell that has been genetically transformed to constitutively express five mamma- 
lian glycosyltransferases (99). Importantly, this line has retained normal growth prop- 
erties and can support baculovirus infection and recombinant protein production. 
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Detailed structural analysis of recombinant glycoproteins produced in these cells 
using conventional vectors showed that they provide all of the A'-glycan processing 
steps required for authentic mammalian glycoprotein production (Fig. 3). This means 
that the BEV system may now be employed in the production of recombinant protein 
with much more humanized A/^-glycans. It was demonstrated by specific analysis that 
product from these cells possesses terminally monosialylated glycans; however, it has 
also been demonstrated that they do not contain CMP-sialic acid, the donor of sialic 
acid to the sialotransferase. Initial study of this issue demonstrated that these cells 
required animal sera to support protein sialylation, and further work revealed that pu- 
rified sialoglycoproteins would also work (100). Apparently, these cells can salvage 
the sialic acid from extracellular proteins for use in processing the recombinant glyco- 
protein product. 

As many employing the BEV system would like to avail themselves of the benefits 
afforded using SFM, work began on producing a cell line that could sialyate proteins 
without a serum protein donor. As it was known that Sf-9 cells could produce CMP- 
sialic acid when transiently transformed with CMP-sialic acid synthetase (101), work 
was initiated to engineer SfSWT-1 cells further to provide sialylation activity in SFM. 

A new line, designated SfSWT-3, has been reported to produce recombinant glyco- 
proteins efficiently with complex, terminally monosialylated V-glycans in the absence 
of serum (102). This line has had two more enzymes added to it that provide the CMP- 
sialic and sialic acid synthetase activity required for production of its own CMP-sialic 
acid from V-acetylmannosamine supplemented to the growth medium. Furthermore, it 
was discovered that these cells, grown in SFM, could process product more efficiently 
than SfSWT-1 grown in serum. Owing to its capacity to process complex glycoproteins 
authentically in SFM, this line, when available, has the promise of becoming a powerful 
tool in the production of human proteins for biomedical applications in the BEV system. 

3.4.2. Stable Producing Lines 

A second system for protein production employing insect cells is a cell-based sys- 
tem based on the genetic recombination of the cell to include the gene of interest under 
control of a suitable promoter. Successful implementations of such systems have been 
described for many years (105), but have not gained much popularity because of their 
low levels of expression. However, this approach should be mentioned as it offers the 
advantages of continuous culture and the absence of degenerative cellular processes 
seen in the later stages of BEV system production. Promising improvements in the 
technology include the development of more powerful, and inducible, promoters and 
the construction of recombinant insect cell lines that provide new or improved features. 

3.4.3. Insect Cell Culture 

Many similarities are found between the culture of insect and of mammalian cells. 
They are of similar size, division rate, and essential nutritional requirements and have 
similar culture-handling techniques. The distinct differences that do exist require the 
attention of even experienced cell culturists. 

3. 4. 3.1. Culture Basics 

Sf-9 cells grow well in a suspension of loosely attached monolayer culture. They are 
unusual in that they are maintained at 27 °C, and their media have no requirement for CO 2 . 
Surprising to many cell culturists, they can even be maintained on a laboratory bench. 
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Under ideal conditions, populations will double every 18 to 24 hours. Standard cultures 
may be subcultured twice a week, but ideal culturing is accomplished by monitoring the 
cell count and passaging as the culture approaches the end of log phase. They are some- 
what fragile and shear-sensitive cells, especially in SFM, but not unmanage-ably so. 

As viral techniques require the use of very healthy cultures, it is important to estab- 
lish a familiarity with the features of healthy cultures. Nicely rounded cells with dis- 
tinct boundaries and discernible nuclei and without significant granulation or 
vacuolization indicate expanding cultures in a good environment. Viability may be 
assessed using trypan blue, similar to the way mammalian cells are assessed. Detailed 
procedures for insect cell culture are generally available (90,104). 

3.4. 3. 2 . Culture Formats 

T-flasks work well for maintaining insect cultures in small scale or when perform- 
ing activities such as transfection. A typical implementation is the use of a T-75 flask 
with 15 mL of media and splitting as the culture becomes confluent. Monolayer cul- 
tures may be removed from their loose adherence to the flask bottom by gently, but 
firmly, shaking or tapping the nearly empty flask. Trypsinization is not required. 

Shake flask culture is the best way of establishing and maintaining suspension cul- 
tures in small scale, and Fembach or spinner flasks are best for larger-scale cultures. 
Section 2.5.3 provides a description of both. Suspension cultures are seeded at about 2 
X 10^ cells/mL and split at 2 to 5 x 10^ cells/mL, depending on the medium used. An 
orbital shaker or flask assembly should be maintained in a 28 ± 0.5°C nonhumidified, 
nongas regulated environment. Aeration is accomplished by loosening the cap of the 
shake flask approximately one-quarter turn (within the intermediate closure position). 
In this condition, there is no oxygen limitation to the cells, and they proliferate to 
maximal rates. A 250-mL Erlenmeyer flask is inoculated with 100 mL of complete 
medium containing 2 to 3 x 10^ viable cells/mL. The orbital shaker is set to 80 to 90 
rpm for cultures maintained in medium supplemented with FBS. For cultures in SFM, 
the shaker should be maintained at 125 to 135 rpm. Serum-free cultures must be supple- 
mented with a shear protectant, such as pluronic acid, and commercially available me- 
dia are also supplemented. 

Oxygen supply, as in mammalian cell culture, is an important consideration, espe- 
cially when working with infected cultures. The cell-specific demand for oxygen in- 
creases considerably as a baculovirus infection proceeds. The two major parameters in 
ensuring sufficient supply are the means of exchange to the headspace in the flask 
(such as caps or ports) and the surface-to-volume ratio of the culture. Flasks are subcul- 
tured to 2 to 3 X 10^ cells/mL twice weekly. Every 3 weeks, cultures may be gently 
centrifuged at lOOg for 5 minutes and pellets resuspended in fresh medium to reduce 
accumulation of cell debris and toxic by-products. 

3. 4.3. 3. Media 

The first synthetic media formulations were developed in the 1960s, and some 
serum-dependent media developed then (106) are still in use today. The basic compo- 
sition of insect cell culture medium is similar in many respects to the more commonly 
used mammalian cell media, with a major difference in the balance of essential nutri- 
ents in the formulations. A few insect-specific characteristics deserve mention as they 
can have an impact on performance optimization strategies. These media have a pH of 
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about 6.2 and an osmolality of about 360, are buffered with sodium phosphate in addi- 
tion to the standard bicarbonate, and employ sucrose among their carbon sources. Three 
basic serum-dependent formulations have evolved; Graces, IPL-41, and TC-100. Their 
formulations are publicly available in many references. As the nutritional requirements 
of insect cells do differ from mammalian cells, serum used in insect cell culture should 
be screened in insect cells prior to use. 

A number of SFM formulations have been developed, mostly based on the IPL-41 
formulation (106). The current method to avoid the requirement of serum is essentially 
in the supplementation of an insect-balanced basal medium with a lipid emulsion, yeast 
extract, and Pluronic F-68. Much work has been done to remove the undefined hy- 
drolysates, but to date this has not been accomplished. Many insect cell SFM are com- 
mercially available and have extensive application success in the published literature. 
For reasons including increased performance, serum availability, cost, and lot consis- 
tency; regulatory compliance; and product purification, many culturists prefer SFM 
formulations. 

3.4.4. Baculovirus Techniques 

3 . 4 . 4 . 1 . Virus Identification and Purification 

Regardless of the vector employed and the means of recombinant virus production, 
there are many good reasons to establish the clonal purity of the virus strain. Many 
report the ability to operate the BEV system without regularly clonally isolating their 
virus or titering their stocks. Although it is true that a desired amount of homogeneous 
product may be generated this way, it is also true that there are significant and demon- 
strated risks to this approach. 

Plaque purification is the basic means of isolating a genetically uniform strain of 
virus. Heterogeneities in a stock of virus can arise through a number of means, includ- 
ing (1) the generation of multiple phenotypically “successful,” but genetically diverse, 
events in the genetic engineering of a strain; (2) the natural mutation of progeny virus 
in passage; and (3) the generation of defective interfering particles through high multi- 
plicities of infection (MOIs). 

Plaque purification is basically accomplished by first seeding a lawn of insect cells 
on a culture dish. An appropriate dilution of the stock to be purified is then added, and 
some few individual cells on the dish become infected by a single infectious particle. 
Finally, a medium mixed with an immobilizing material (such as agarose) is overlaid, 
and the infection is allowed to continue. As an originally infected cell releases its 
progeny virus, only adjacent cells become infected. When fully developed, this pro- 
duces spots, or plaques, on the plate that can be the result of an infection by a single 
infectious particle. 

These plaques are identified by various means, and selected plaques can be harvested 
to obtain a stock of genetically homogeneous virus. The gene for P-galactosidase is 
often used as a marker in the construction process. When a colorimetric marker for the 
gene product (such as X-gal) is incorporated in the immobilizing overlay, either blue or 
white plaques (depending on how the marker is used) will indicate a successful clone. 




Proteins in Higher Animal Ceils 



175 



3. 4. 4. 2. Virus Titer 

A plaquing system is also a way of determining the concentration of infectious par- 
ticles, or titer, in an inoculum. By monitoring the dilution and final volume used to 
produce a particular number of plaques, the concentration of infectious particles in the 
original inoculum can be calculated. Significant dilutions are required because the num- 
ber of infectious particles produced in a nominal infection is on the order of tens to 
hundreds of millions per milliliter, and it is only feasible to measure a concentration of 
less than 50 per milliliter. In certain circumstances, it can be important to distinguish 
the infectious titer of a virus stock from the number of virions or viral genomes present 
because these values can diverge by orders of magnitude. Means of such a determina- 
tion, as well as other means of determining the infectious titer, are presented in com- 
monly available BEV system manuals ( 90 ). 

3. 4. 4. 3. Virus Production and Storage 

Virus for use in producing stocks is a natural product of the infection cycle and 
accumulates in the culture medium. Supernatant from high MOI cultures, initiated in 
mid-log-phase growth and collected just as the culture loses viability, yields the best 
stocks. Such material generally contains 10^ to 10* pfu/mL and is suitable for further 
culture infection or plaque purification. Cell-free harvested medium used for virus 
stocks should be protected from light and is stable for months when stored in the refrig- 
erator. For all but the most casual purposes, stocks should be titered prior to use. 
Titering is accomplished through plaque-based or end-point dilution assays ( 90 ). 
Cryopreservation in liquid nitrogen produces indefinitely stable stocks. 

3.5. System Operation 

Bioreactor applications of insect cell suspension cultures are very similar to those 
for mammalian cultures, with the main differences the temperature setting, lack of 
CO 2 , specific nutrient depletion, production kinetics, and possibly the impeller speed. 
An overview is presented here, and many sources of more detailed procedures are avail- 
able ( 94 , 104 , 107 ). 

3.5.1. Batch Culture 

The large-scale batch culture of insect cells and its application in the BEV system 
requires particular attention to the optimization of the process parameters and quality 
of stock materials. Compromised procedures or ingredients of the system, which would 
only slightly diminish the efficiency of a mammalian cell run, can impair the quantity 
of product recovered significantly or totally. Elements of the process parameters that 
require particular attention include the culture kinetics, the concentration and timing of 
the viral inoculation, and the nutrient and gaseous environment of the culture during 
the productive stage of the infection. Essential process kinetics must be established in 
small scale before attempting to move to bioreactor-scale operation. Material qualities 
to be considered include the cleanliness of the reactor, the health of the cells at infec- 
tion, and the quality and titer of the viral inoculum. 

The first step in establishing a production run is the generation of a sufficient quan- 
tity of high-quality viral inoculum. MOIs of 2 to 8 are generally recommended for 
production infections. As inoculum viral titers are generally on the order of 10* pfu/mL 
and as cultures are infected at approx 2x10^ cells/mL, a 20-L reactor will require on 
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the order of 1 to 5 L of high-quality inoculum. The generation of the cell inoculum and 
reactor preparation is essentially the same as that for a mammalian culture {see Section 
2.6.1). Antibiotics may be used in insect cell culture; however, they are discouraged, 
and the majority of culturists do not use them unless absolutely necessary. 

3.5.2. Fed Batch 

As with mammalian systems, the fed-batch approach has become a popular way of 
large-scale, high-efficiency production. Although in-process nutrient supplementation 
and waste buildup monitoring is not essential to the BEV system, much work has been 
done in pushing the BEV system to both higher volumetric and cell-specific yields. 
Regardless of the insect cell line used or the vector or promoter system chosen, the 
nutritional environment is a major component in the establishment of increased quality 
and quantity of production. 

As in mammalian systems, fed-batch approaches have become the most popular 
implementation of this approach. Feeding design through metabolic demand analysis 
in serum-free systems has allowed Sf-9 cultures yielding nearly 10 times the peak total 
cell yield, 4 times the infectable density, and 4 times the total product yield of standard 
batch culture (108). Factors allowing this include that Sf-9 cells do not readily build up 
toxic levels of ammonia or glutamine during culture or infection, and that modern SFM 
provide, qualitatively, the basis for very high-density culture. Another significant fac- 
tor is that new bioreactor configurations and monitoring methods provide the informa- 
tion and control required for efficient feed solution design and delivery timing (109). 

4. Conclusion 

Not that long ago, cells only produced their own endogenous cellular proteins. They 
did not produce proteins from other cells, nor did they produce polypeptides that had 
no biological function to the producing cells or other kinds of cells. Now proteins can 
be produced in an astonishing array of ways, including within cells to which they are 
not native. Almost any polypeptide can be produced in at least one cell system, and 
many polypeptides can be produced in a number of diverse systems. Many systems are 
only good at making particular classes of proteins or polypeptides. The optimal pro- 
duction of a protein in commercial quantities, in easily purified form, and with the right 
posttranslational modifications, and currently requires a thorough understand of the 
strengths and weaknesses of many production systems. This chapter described the state 
of affairs for producing commercial quantities of specific proteins, including appropri- 
ate posttranslational modifications, in higher eukaryote cell culture systems. Readers 
with greater interest are referred to the more specific and extensive information in the 
referenced works. 
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1. Introduction 

Transgenic animals — animals with genes added to their deoxyribonucleic acid 
(DNA) (either from organisms or eventually synthesized genes never before present in 
living organisms) — will no longer be limited by the gene pool of their parents. Such 
animals are slated to be created expressly to provide vital and novel benefits for human 
beings. These animals can have desirable characteristics or traits from virtually any 
gene pool and may also possess properties not present in nature or available through 
conventional breeding. They will be created for the production of new medical and 
pharmaceutical products and to enhance meat, dairy, and fiber production efficiency. 

Transgenic animals such as antimalaria mosquitoes and cows that can produce desired 
pharmaceuticals in their milk have the potential to curtail or treat human diseases, 
respectively. It is likely that transgenic animals will also be created to produce tissues, 
living cells, and organs (with likely lower chance of immune rejection) as viable alter- 
natives for transplant patients. Also, through cloning of herds of “elite transgenic live- 
stock,” animals can be engineered to provide more nutritious and efficiently produced 
foods, thus promising also to lower the cost of food for consumers. Other genetically 
modified animals such as the Enviropig of the University of Guelph in Canada may also 
help reduce agricultural waste and the number of animals needed for food and fiber 
production (for additional information, see refs. 1 and 2). Similar animals may also 
serve to flush out agricultural pests, thus reducing the dependency on toxic pesticides. 

Although animals with genomes that will be modified through manipulation of 
recombinant DNA, such as fish, sheep, cattle, pigs, goats, and insects, hold promise to 
improve our future, their existence also raises important ethical and public policy ques- 
tions and concerns. Are products that have undergone genetic reconstitution safe? How 
are they substantially different from conventional products? What are the environmen- 
tal impacts and risks of undesired gene transfer? Do transgenic animals present novel 
hazards? Will they create new pathways for animal disease to become hazardous to 
future generations of humans and animals? What are the ethical implications for the 
health and welfare of animals used in agricultural and biomedical research? How 
adequate are the national and international regulatory frameworks, respectively, and 
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legal edifice in meeting the challenges raised by animal biotechnology? Is there inter- 
national uniformity regarding standards and regulations? Are the government and in- 
tergovernmental agencies sufficiently prepared to respond to a biotechnological 
calamity should it happen? Are there sufficient guidelines to promote responsible re- 
search and application among private industries and researchers? Does the ability to 
modify mammals raise questions about the potential applications of genetic modifica- 
tion to human beings? 

This chapter begins by providing an overview of some of the central concerns iden- 
tified for the development of transgenic animals. Some have argued that those respond- 
ing to the environmental risks and animal welfare and health issues should be paying 
greater attention to ethics and normative values, both in the process of risk assessment 
and management and in risk communication. Others have argued that there should be 
stricter regulation of biotechnology. Central issues in both the ethical and regulatory 
debates are reviewed. We conclude with a discussion of the role that working scientists 
should be expected to play in attending to these issues and the need to be attentive to 
public perception of environmental and animal welfare impacts from transgenic tech- 
niques. In limiting the focus of the discussion to transgenic animals developed for 
agricultural, industrial, and therapeutic applications, we do not consider issues associ- 
ated with animals such as “knockout” mice altered solely for the purpose of studying 
gene functions. 

2. Ethics, Public Policy, and the Regulation of Biotechnology 

Generally, philosophical ethics is the study of a community’s vision of how they 
ought to live responsibly and well. It concerns how individual and collective action 
should have an impact on others; which actions are morally permissible, impermis- 
sible, and insignificant; and embodies the values that a community sanctions as legiti- 
mate for promoting the good life. Philosophical ethics is an articulation and critical 
analysis of the norms, values, and framing assumptions that help determine the path a 
community should take and directs them on how to meet their responsibilities. 

Central ingredients to living responsibly include having consideration of and respect 
for others, both human and nonhuman beings who matter from the moral viewpoint. 
Here, living responsibly enjoins recognizing vulnerability and dependency in others and 
promoting an environment of trust among members of the moral community. Living 
responsibly entails curbing specious profit-seeking behaviors and placing limits on insti- 
tutions, practices, and technology that conspire against maintaining trust and respect for 
others. Finally, living responsibly also entails minimizing harms and maximizing ben- 
efits for all those with moral significance and encouraging equitable access to material 
goods that promote better quality of life. To ensure that an equitable distribution of the 
benefits and harms are shared among the members of the moral community in a trustwor- 
thy and respectful way, open communication between members is important so the inter- 
ests of others as well as their values and concerns may be understood and considered in 
moral deliberations and during the formation of public policies. Thus, vibrant discussion 
and debate are central in establishing a community’s shared vision of the ethical life. 

A community’s shared ethical vision is often mirrored by regulation and through 
public policy. Public policy is influenced by the moral arguments associated with the 
development of certain technologies and practices. Regulations and public policy con- 
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ceming the public good, the role and limits of government, and equitable distribution 
of goods also serve to promote the value assumptions and political consensus of a 
community’s vision for living well and responsibly. However, public policy has a pre- 
scriptive dimension of its own and may serve to bind a community together despite the 
presence or absence of ethical consensus. When ethical consensus is absent or moral 
stalemates or division persist, regulation and public policy serve to establish, adminis- 
ter, and enforce practical compromises and political solutions that can be adopted by 
all constituents. When collective and univocal ethical judgments are present, regula- 
tion and public policy may serve as a positive guide to allow for effective and efficient 
actualization of these moral ends. 

Animal biotechnology, although promising to improve quality of life, poses signifi- 
cant risks as well. Even if the prospects are exciting, mistakes have terrifying conse- 
quences. Not only can mistakes cause harm, but also the reaction to even minor 
mistakes can substantially undermine public support for biotechnology. Because the 
stakes are high if something goes awry, both the scientific community and the nonsci- 
entific public must come together to clarify their responsibilities to those who will be 
impacted by its applications, and to set limits so that what is potentially promising is 
not also inimical. 

This idea of limits connotes some form of regulation. Animal biotechnology is regu- 
lated at three interlocking levels that affect research, product development, and use of 
and commerce in transgenic animals. Institutional regulation is conducted by the orga- 
nizations themselves, although often according to legal mandates handed down from 
governmental authorities. Governmental regulation is conducted by specific agencies 
of local or national governments with specific areas of authority created by legislative 
or judicial actions. Finally, international organizations such as the World Trade Orga- 
nization (WTO), the United Nations (UN), and certain multinational treaty and cov- 
enant bodies such as the North Atlantic Free Trade Association (NAFTA) have 
authority to coordinate and resolve conflicts that may arise as a result of diverse gov- 
ernmental regulatory regimes. 

Institutional regulation represents the first line of regulation for animal biotechnol- 
ogy. Organizations (e.g., nonprofit scientific research institutes, hospitals, or universi- 
ties) or for-profit private corporations have specific committees or institutional officers 
to establish internal policies for biosafety and animal use and oversee compliance with 
food safety and environmental or other regulations. Although these institutional regu- 
latory bodies operate in accordance with minimum standards dictated by the legal re- 
quirements of local and national governments, most institutions conducting work with 
transgenic animals have adopted internal policies that exceed these minimums. For 
example, the US Department of Agriculture (USDA) requires organizations conduct- 
ing animal research to establish provisions of internal oversight through an institu- 
tional animal care and use committee (lACUC). The lACUC has responsibility for 
ensuring that basic requirements of animal welfare are met, but the USDA specifically 
excludes birds, rats, mice, and farm animals from required oversight. Nevertheless, 
most US organizations conducting animal research have adopted internal regulations 
requiring lACUC supervision of these excluded species (3-7). 

Governmental regulation includes legal requirements enacted and enforced by local, 
regional, and national governments. The organization of governmental regulation var- 
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ies considerably from one country to the next, for example, with environmental regula- 
tions exclusively administered by local authorities in some instances, by national agen- 
cies in others, and by a combination of local, regional, and national authority in the 
majority of cases. In most countries, it is typical for different agencies to regulate food 
safety, environmental, animal welfare, and commercial activity, and in many coun- 
tries, each subclass of regulatory action is subject to judicial review. 

The authorizing legislation for each of these distinct regulatory activities specifies 
the scope and aims of the regulatory activity, and detailed discussion of regulatory 
activity is quite technical and varies considerably from one locale to another. However, 
there is a remarkable consistency in the general aims of regulatory authorities across 
the globe, and the discussion that ensues substantively addresses issues generally (but 
not in every case) subject to governmental or institutional regulation (8-13). 

Increasingly, however, governments are not the final authority for regulatory deci- 
sion making because governments participate in international forums that harmonize 
regulatory activity. The Codex Alimentarius, for example, is a body within the Food 
and Agricultural Organization (FAO) of the UN that has long had the task of ensuring 
consistency among global standards for food identity and food safety. The WTO has 
undertaken review of national regulatory decisions on genetically engineered plants. 
The basis for this are components of the treaty that established WTO that are intended 
to limit the possibility that member states will erect spurious food safety or environ- 
mental regulations as de facto trade barriers. Similar actions within the WTO frame- 
work could certainly affect the fate of transgenic animals (14). 

The direction that animal biotechnology takes should be determined on the basis of 
ethics, that is, on the basis of a shared vision of how people ought to live, and on 
actions collectively sanctioned out of respect for the members of the moral community. 
Regulations represent the institutionalization of this vision. The definition of ethics 
provided here is consistent with a philosophical viewpoint that is sometimes stated by 
opposing the importance of ethics. Some commentators believe that regulations should 
be based solely on scientifically demonstrable risks and benefits to human beings and 
presume that the word ethics implies something more. But, the belief that regulations 
should be based solely on scientifically demonstrable risks and benefits is itself a vision 
of how communities should live, and as such it is an ethical viewpoint. Ethics should 
not be understood to indicate a single or dominant philosophical vision. The term ethics 
serves to call attention to the norms, goals, and shared assumptions that guide actions 
and policies and should include debate over differences in these norms, goals, and 
assumptions, which itself is a characteristic of a community’s ethical life. As discussed 
here, the scientific community has a leadership role to play that entails deliberating 
with the public and relevant government agencies on the ethical and social implica- 
tions and risks associated with animal biotechnology in advance before policy is for- 
mulated. 

3. Ethics and Science-Based Concerns Associated 
With Animai Biotechnology 

In August 2002, the National Research Council’s (NRC) ad hoc committee on Agri- 
cultural Biotechnology, Health, and Environment published a report that identified cen- 
tral science-based risk issues associated with animal biotechnology and its products. 
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The committee determined risks in terms of criteria that assessed the immediacy and 
severity of impact of animal biotechnology and the rapid fluidity of technological 
change. The committee evaluated risk in terms of the nature of the technology, possible 
undesired and unanticipated effects of application and misapplication, novel ethical 
and social questions raised by animal biotechnology, and whether the various govern- 
ment agencies and the present-day statutory infrastructure and technological expertise 
were sufficiently ready to meet these challenges. 

The committee applied these criteria to four major areas of concern associated with 
agricultural biotechnology and genetic modification of animals, including cloning. 
These areas are environmental concerns, animal welfare issues, food safety, and policy 
matters and institutional concerns (15). These areas have ethical significance because 
they concern our vision for how best to advance the good life at the expense of and for 
others and in the face of different kinds and levels of risks. We have expanded this list 
of concerns to include issues related to biomedical ethics and social consequences. 
Furthermore, because animal biotechnology raises questions regarding the roles and 
responsibilities of scientists, we consider public trust in science another important area 
of concern that must also be explored. 

3.1. Environmental Concerns 

The biosafety of animal biotechnology represents a technically complex and emerg- 
ing area of science. As applications of animal biotechnology are in their infancy, so are 
scientific approaches to characterize and measure the risks that these applications may 
pose to the larger environment. The diversity of animal species and the complexity of 
their respective types of interaction that both managed and unmanaged or natural eco- 
systems entails make it impossible to offer more than the most general discussion of 
issues relevant to biosafety in the present context. There is already extensive literature 
emerging for assessing the environmental risks of transgenic insects (16,17) and fish 
(18,19). The aim here is to provide a general and conceptually oriented overview of the 
problems of biosafety as related to transgenic animals. Any attempt to assess or man- 
age environmental risks from transgenic animals will require substantially more 
detailed scientific study of the species and environments involved. 

Environmental risks are a function of hazard and exposure. An organism of any sort 
poses an environmental hazard when the presence of that organism in an environment 
can be interpreted as the possible source or cause of adverse events. The identification 
of hazards involves both a general and often speculative basis for linking the triggering 
event to subsequent outcomes and the normative judgment that these outcomes are 
unwanted, undesirable, or in some sense worse than other alternatives. However, many 
(if not most) hazards do not actually result in any harm. As such, an analysis of envi- 
ronmental risk also involves an account of exposure, the mechanisms that would pro- 
duce the unwanted outcomes, and quantification of the likelihood for each stage or 
sequence of events comprising these mechanisms. 

Characterizations of hazard and exposure for environmental risk, on the one hand, 
may be fairly broad and conceptual heuristic devices for thinking about the possible 
environmental consequences that might follow a triggering event; on the other hand, 
they might be technically specific and carefully determined measurements that reflect 
a high degree of empirical investigation and statistical sophistication. In either case, a 
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characterization of environmental risk may be distinguished from risk management, 
which indicates the principles, policy, and general plan that will be undertaken in 
deciding whether to mitigate, insure against, or simply accept the risk in question. 

The intentional or accidental release of transgenic animals into the environment rep- 
resents the triggering event for characterizing environmental risk from animal biotech- 
nology. The NRC committee presumes that this release poses a hazard that could result 
in unwanted changes in the composition of plant and animal species comprising an 
ecosystem. The primary basis for this presumption is the recognition that some 
nontransgenic species have become invasive when introduced into new ecosystems, 
resulting in extensive changes in those environments that have disrupted both human 
use of the environment and the suitability of the environment as habitat for native 
species of plants and animals. The general approach that the NRC committee (15) rec- 
ommends for biosafety is to draw on and model experiences with nontransgenic inva- 
sive species as a theoretical framework for anticipating risks from transgenic species. 
Thus, they argued that transgenic animals do not constitute a novel class of hazards 
when compared to their conspecifics. 

Given this general approach to hazards, the presence of nontransgenic conspecifics 
in both wild and managed ecosystems provides an empirical basis for estimating 
exposure. Based on prior studies conducted for transgenic plants, the estimation of 
exposure involves two questions. First, do the transformations confer phenotypic char- 
acteristics on transgenic animals that could be expected to result in significantly dif- 
ferent environmental effects from those observed for nontransgenic conspecifics? 
Second, is there a potential for transgenes themselves to migrate to other species, 
resulting in phenotypic effects on nontarget organisms that could, in turn, result in 
environmental impacts (20)1 

Prevailing assumptions among biologists dictate that the only mechanism for gene 
migration in animals is through interbreeding with interfertile populations (wild or 
domesticated) extant in ecosystems. If this is correct, the probability of cross-species 
gene migration among animals is vanishingly small, suggesting that there is little need 
to worry about the second question in animal biotechnology risk assessment. However, 
it should be noted that experimental studies of environmental risk from transgenic 
plants resulted in a significant revision of prevailing assumptions about the potential of 
controlling environmental risks from transgenic plants through isolation strategies. 
Experimental risk analysis demonstrated significant potential for cross-species gene 
migration among plants (21). These results testify to the need for experimental valida- 
tion of critical assumptions. 

If the prospects of cross-species gene migration can be discounted, estimating expo- 
sure from transgenic animals becomes a problem of first characterizing how transgenes 
will confer different phenotypic characteristics on transgenic animals and then estimat- 
ing how these different characteristics will in turn lead to adverse environmental out- 
comes when compared to the behavior of nontransgenic conspecifics. This problem 
can be analyzed in terms of the likelihood that transgenic species will become estab- 
lished as breeding populations and the subsequent impact that established populations 
possessing the transgene might have on predator-prey relationships. The details of 
both reproductive fitness and predator-prey relationships involve considerable empiri- 
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cal knowledge that will be specific to the animal species and ecosystem involved. Any 
more detailed discussion of approaches to the assessment of biosafety risks thus 
involves considerable empirical and technical specification (22). 

The above discussion suggests that it is, in principle, possible to characterize the 
environmental risks of transgenic animals, although such characterizations may be dif- 
ficult, especially in light of existing gaps in knowledge. However, the extent to which 
such gaps qualify the ability to understand environmental risks from transgenic organ- 
isms lies at the heart of hotly contested debates over the future of genetically engineered 
organisms of all kinds. 

These debates have taken many forms, but the best known involve specification and 
application of the precautionary principle or the precautionary approach to environ- 
mental risks. The debate over precautionary approaches to genetically engineered 
organisms has often been subsumed into the politics of international trade because 
advocates of agricultural biotechnology have accused those who deploy the terminol- 
ogy of precaution of allowing protectionist aims to override scientific principles 
(23,24). Nevertheless, there is a serious issue to be faced by anyone who considers the 
environmental risks of transgenic organisms in deciding how to use the characteriza- 
tion of risk that is developed by systematically analyzing hazard and exposure. 

The possible responses to this question can be simplified for the purposes of exposi- 
tion into two diametrically opposed alternatives. One approach was articulated in 
Bentham’s statement of utilitarian ethics over 200 years ago. Bentham advocated an 
approach to quantifying the likelihood and value of consequences of an action that 
anticipates the general approach to estimation of hazard and exposure described above 
and argued that this approach allows determination of the risk-based elements of the 
expected value associated with that action. These elements can be weighed against 
expected benefits to determine the overall expected value, and the utilitarian approach 
dictates taking the course of action with the greatest overall expected value (25). 

Several analysts of the debate over genetic engineering have argued that mistrust in 
the ability to adequately anticipate the consequences of recombinant DNA techniques 
is closely tied to the rejection of the utilitarian approach in general. In place of an 
approach that accepts weighing costs and benefits, they see people advocating norms 
of respect for nature. This approach is far more prejudicial with respect to the ethical 
acceptability of biotechnology in general and dictates that transgenic animals would be 
acceptable only if we could assure ourselves that developing them was consistent with 
largely qualitative characterizations of human responsibilities toward the natural world 
(26,27). This kind of argument has indeed been made by at least some advocates of 
precautionary approaches in environmental affairs (28). 

It is difficult to say how a path might be charted between these two extremes, and 
authors who have attacked precautionary approaches would almost certainly argue in 
favor of simply taking the utilitarian approach. Nevertheless, others have argued that 
precaution can be understood in terms of giving additional weight to catastrophic haz- 
ards without regard to their likelihood. Catastrophic hazards are adverse outcomes 
that have geographically widespread or extremely damaging effects, especially when 
these effects are irreversible (22 j. Others argue that the high degree of uncertainty and 
ignorance that pervades ecological assessments provides a basis for extreme caution in 
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releasing organisms that would be likely to survive and interbreed with their conspecif- 
ics (19). If the precautionary approach is understood in this way, it does not involve an 
abandonment of risk assessment so much as it recognizes circumstances in which a 
norm of minimizing the chance of worst-case outcomes should be substituted for the 
more typical utilitarian norm of seeking the greatest expected value. 

3.2. Animal Well-Being and Health Issues 

Animals typically used in agricultural or biomedical research (excluding insects) are 
considered sentient creatures that have a well-being or a good of their own. In contrast 
to the view of them as mere resources (as in traditional human-centered ethics) is the 
belief that these animals have a life that can go either better or worse for them. This last 
view is held by animal protection movements such as animal rights and animal wel- 
fare.* The well-being of these animals can be understood to have three major compo- 
nents. They include the animal’s capacity to feel well both psychologically and 
physiologically, to function well, and to engage in species-specific natural behaviors 
(39). These components of well-being are brought to bear on the question of permis- 
sible modification of animals by genetic engineering. 

Genetic engineering has stimulated interest in the moral permissibility of animal use 
in research and challenges both the scientific community and the public sector to reex- 
amine basic attitudes toward the moral status of animals and what is owed to them 
commensurate with their status and needs. Genetic engineering also raises questions 
about appropriate standards of well-being for research animals and spotlights the need 
for setting appropriate limits of modification and manipulation of animals. 

Ethical concern regarding how modem biotechnology will affect animal well-being 
and health can take five general forms (40): 

1. That animals may suffer directly as a result of the effects of modification and manipu- 
lation. 

2. That animals may suffer indirectly as a result of the effects of modification and 
manipulation. 

3. That animals may suffer from consumption of or treatment with genetically modified 
products. 

4. That, by using genetic transfer, the natures of animals are changed in substantial ways not 
for the benefit of the animals themselves, but for ours. 

5. Procedural concerns related to the governance of animal use in general. 



*Although there is disagreement over the philosophical underpinning for taking animal interests seri- 
ously, four positions stand out. These include a sentientist view made popular by Singer ( 29 - 31 ), which 
endeavors to optimize the total balance of sentient experience in a species-neutral way; a strong rights- 
based approach that is synonymous with Regan ( 32 , 33 ), which holds that certain animals are “subjects-of- 
a-life” and hence have noninstrumental value, and by this view, any experimentation on animals is 
prohibited if they are not also direct beneficiaries of research. There is an ethics of care view imputed to 
Midgley ( 34 ) that considers our kinship and interspecies connectedness with some species as sufficient for 
establishing acquired duties to care for their well-being; and there is an integrity or “natures” view attrib- 
uted to (among others) Rollin ( 35 , 36 ), Rutgers and Heeger ( 37 ), and Fox ( 38 ) and basically states that 
animals have an intrinsic nature or unique species-specific purposes that underscore the content of our 
responsibilities toward them, that is, they have “a nature, a function, a set of activities, intrinsic to [them] 
evolutionarily determined and genetically imprinted” ( 35 , 36 ) that is morally obligating in character. 
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3.2. 1. Direct Effects 

There is significant public concern that modifying the genetic constitution of ani- 
mals will lead to increased physical pain and psychological suffering, whether inad- 
vertent, unwanted, unexpected, or intentional. This concern is amplified given (1) 
widespread belief that we have special responsibilities, which include minimizing or 
not inflicting unnecessary harm, to care for animals in our charge; (2) the present 
underdeveloped state of the technology; and (3) the impossibility of anticipating the 
impact of modification on an animal’s well-being, especially if the animal’s constitu- 
tion departs greatly from its evolutionarily determined genome. 

Because the science and technology of genetic engineering are still in their incep- 
tion, it is feared that genetic engineering will contribute to animal suffering by produc- 
ing dysfunctional animals that must endure physical, physiological, and psychological 
harm, behavioral abnormalities, or health maladies. Although unhealthy transgenic 
animals will almost certainly be euthanized, an increase in the rate of euthanasia is not 
without ethical significance. Concern over the present inefficiency of production tech- 
niques is joined by questions over the utility value of animals in general and the moral- 
ity of creating animals with pathological conditions to serve as research models for 
human beings. Concern for transgenic animals in this way is not without precedent. 

The 1985 Beltsville pigs were among the first transgenic animals produced by the 
USD A Agricultural Research Service. Scientists microinserted the gene for human 
growth hormone into pig embryos in one of the early experiments that applied bioengi- 
neering to food animals so that they would grow faster, use less feed, and produce 
leaner meat. Nineteen animals made it to maturity, but they experienced painful arthritic 
conditions and endured physical deformities, ulcers, and decreased immune resistance. 
These crippled pigs were euthanized ( 36 ). 

Dolly, the famous cloned sheep from Scotland, was euthanized on February 14, 2003, 
after experiencing premature aging and virus-induced lung cancer. Dolly was 6 years 
old, approximately half the life expectancy of her breed. Her premature death, as did 
circumstances surrounding her conception, raises questions about the ethics and practi- 
cality of copying life ( 41 , 42 ) In the case of events leading up to her conception, 
Wilmut’s team struggled approximately 300 times to fuse nuclei from adult cells with 
denucleated blastocysts. Of the 29 successful transfers to host wombs, only one clone, 
Dolly, was produced. Many fetuses were used and destroyed as the team also applied 
the same technique using nuclei from fetal and embryonic cells ( 43 , 44 ). 

The NRC committee cited a few examples highlighting direct deleterious effects of 
novel techniques on animals. They indicated that knockout and cloned mice showed 
increased levels of aggression and suffered impaired learning and motor skills in cer- 
tain trials. A number of hoofed animals produced by either in vitro culture or nuclear 
cell transfer tended to have higher birth weights and longer gestation periods than con- 
specifics produced by artificial insemination. Of these animals, some experienced dif- 
ficulty during birth and required specialized procedures like caesarean section and 
respiratory assistance and therapy ( 15 ). 

Another direct concern waiTanting attention includes the potential transmission of 
newly acquired diseases or traits from transgenic animals (such as those used in 
xenotransplantation) to conspecifics with no immunity against the disease. 
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This short litany of problems is an echo of a general concern that it is difficult to 
predict just how the psychological, behavioral, and physiological well-being of ani- 
mals will be affected as a result of genetic modification of the very constitution of 
animals. Such incidents raise public concerns about the governance of science and 
accountability of scientists. In the mid-1980s, the same questions regarding responsi- 
bility, professional ethics, and accountability were sparked in lieu of Silver Springs vs 
Dr. Taub, and University of Pennsylvania Head Injury Clinic baboons vs Dr. Genarelli 
(45). Scientists need to be sensitive to nonutility views of animals as well as practice 
good husbandry and care for research animals. It is thus important that the scientific 
community remain vigilant in their assessment of compatibility between the animal’s 
well-being and its adaptability to its environment when pursuing research. 

3.2.2. Indirect Effects 

New applications of animal biotechnology, like xenotransplantation, raise secondary 
concerns related to creation of animals that deviate substantially from their traditional 
roles. In xenotransplantation of livestock animals, concerns related to management and 
housing of highly sophisticated and social source animals such as pigs and nonhuman 
primates used as research subjects raise eyebrows. To prevent or minimize transmission 
of diseases to potential human organ, cell, and tissue recipients, these animals must be 
housed in isolated and sterile living quarters. This form of housing may involve low 
stimulation and poorly enriched environments and may cause these animals to exhibit 
abnormal behaviors such as fear, anxiety, aggression, and patterns of stereotypical 
behaviors or boredom. Similar questions may be posed for transgenic animals devel- 
oped to secrete pharmaceutical or industrial products in their milk. Whether subjecting 
animals to impoverished or frustrating environments can ever be justified remains a 
contentious issue. In any case, it demands serious attention by the scientific community, 
especially because this form of neglect or impairment of an animal’s well-being is within 
the sight of many in the public. 

3.2.3. Biotechnology Product Application 

Genetic engineering may also be applied not directly to manipulate animals’ 
genomes, but to produce drugs, therapies, and feed for animals. Issues associated with 
the approval of these products are, in one sense, no different from those for any other 
drug or additive. However, the use of advanced life science techniques may heighten 
controversy. For example, genetic engineering was used to produce recombinant bo- 
vine somatotrophin (rBST) to boost milk production of dairy cattle. Animal protection 
groups protested when rBST use was linked to increased incidence of mastitis and 
lameness and lower productivity (46^8). The US Food and Drug Administration 
(FDA) concluded that these health problems were typical of high-production animals, 
and therefore that rBST should not be identified as a cause. However, regulatory agen- 
cies in other countries, including Europe countries and Canada, have cited animal health 
issues in refusing to approve rBST. The lesson of rBST is that researchers should be 
prepared for increased scrutiny (and possibly higher standards) when a biotechnology 
product has equivocal impact on animal health. 
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3.2.4. Changing the Nature of Animals 

Although genome manipulation may produce animals that are able to transform feed 
with greater efficiency or animals better suited to their environments, the moral per- 
missibility of altering or infringing the genetically encoded set of physical and psycho- 
logical capacities that give rise to the basic interests of an animal (i.e., the “pigness of 
pigs” or “horseness of horses”) remains a contentious subject. Moral harm is “per- 
ceived” to be committed when an animal is prevented from performing behaviors com- 
mensurate with the way it has evolved (49) or if the animal’s genetically predetermined 
“set of functional needs” are thwarted (38). Proposals for genetic modification that 
create duller or decerebrate animals so that they will be more conducive to conditions 
of intensive farming or sterile laboratory housing have been especially controversial 
among the public. Creating insentient beings purposefully for human ends and pre- 
venting them from living in accordance with their natural ends in life is perceived as a 
perversion of the sanctity of nature or natural boundaries. 

Rollin (36) has suggested the principle of welfare conservation to help mitigate 
inhumane procedures related to genetic engineering. The principle states that genetic 
engineering is prohibited if it would make animals worse off than nongenetic animals 
in comparable circumstances; that is, it is unethical to create animals worse off with 
respect to suffering and deprivation comparable to conspecifics begotten through con- 
ventional breeding. Rollin ’s principle leaves two important implications: 

1. A more palatable one: It is permissible to alter an animal’s genetic constitution and bio- 
logical function if it leads to less suffering or improved well-being. 

2. A highly contentious one: It is permissible to modify an animal’s experiential capacity if 
it relieves suffering, even if that suffering is caused by less-optimal living conditions. 

In lieu of the perceived integrity of animals, Thompson has argued (with respect to 
implication 2) that, if it is wrong to alter a human being so the person would no longer 
be characteristic of human species, then without offering relevant differences, doing 
the same to an animal (i.e., depriving the pig of its pigness or the horse of what makes 
it the thing that it is) is equally wrong (50). It is wrong to “estrange” animals from the 
functional needs characteristic of their species not only because it jeopardizes their 
well-being, but also because their perceived intactness is connected with their species 
identity. Genetic engineering that detracts from the animal’s own good reduces them to 
mere means to human ends (37,49). 

3.2.5. Procedural Concerns Related to Animal Use 

Besides these substantive issues regarding moral status is the concern that animal 
biotechnology is moving ahead in the absence of public discussion and consensus. The 
subjects of species integrity and whether it is permissible to modify animals if no ben- 
efits are conferred to the animals themselves have been of particular interest to animal 
protection groups seeking a voice in planning the research agenda. Furthermore, it 
would appear that public concern over the lack of clarity over what counts as adequate 
provisions for promoting health and normal development for research animals in our 
charge has been ignored by some sectors of science. 
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In the United States and Canada, lACUCs have stipulated norms for research since the 
mid-1970s. Although the institutional structure varies, similar committee approaches to 
animal ethics are now found across the globe. When functioning well, such committees 
deliberate carefully on the morality and prudence of research projects based on the prin- 
ciples of the 3Rs. Briefly, the 3Rs (reduction, replacement, and refinement) proposed by 
Russell and Burch in 1959 are three general principles for the governance of humane 
animal-based science and experimentation) (51). 

There is some doubt whether these committees will be able to offer appropriate 
guidance with respect to transgenic technologies without adequate revision or supple- 
mentation with other normative principles (52,53). In particular, the 3Rs do not cohere 
with deeply held intuitions about animal and species integrity that constrain what is 
acceptable to do to sentient beings or animals in our charge. Furthermore, review of 
guidelines and regulations from government oversight agencies to keep up with con- 
temporary standards is necessary and will go a long way to ensure that experiments are 
sufficiently controlled and offer adequate protections for animal research subjects (do 
not suffer unnecessarily; have appropriate standards of well-being; have adequate liv- 
ing conditions, good husbandry, and appropriate veterinary care; and are privy to 
humane end points). Reviewing outmoded guidelines may also help to anticipate and 
establish standards of “good welfare” instead of ameliorating or reacting to current 
conditions. 

3,3, Food Safety and Consumer Autonomy and Sovereignty Issues 

Animal products created through genetic engineering or cloning may pose unique 
disease and health risks when consumed and challenge existing aesthetic and cultural 
notions of food purity and standards of food quality. Here, the NRC ad hoc committee 
noted that the entry of genetically modified and genomically reprogrammed nonfood 
animals into the food supply was the most serious risk issue based on a strict expected 
value analysis of risk (15). 

Animals genetically modified to produce pharmaceuticals or other chemical or bio- 
logic properties in their eggs or milk may inadvertently find their way into the food 
supply. Strict monitoring procedures, regulations, and customized procedures meant to 
detect or anticipate implications of these new biotechnologies in the food supply may 
be necessary. The committee was also concerned that unused animals (such as male 
chicks and bull calves from dairy operations) engendered by new biotechnologies or 
that come into contact with biologically engineered products (i.e., conventionally bred 
and genetically modified animals fed with unapproved genetically modified foods) may 
inadvertently find their way onto grocery shelves in the absence of forward-looking 
measures or policies to ensure that they do not. Transgenic animals meant for food, like 
transgenic swine, fish, poultry, beef, dairy cattle, and sheep, will be screened using the 
principle of substantial equivalence. This requires that proteins not previously found in 
human diets will be subjected to extensive clinical trials for safety and quality before 
approval. 

Other hazards associated with transgenic animals meant for consumption are as fol- 
lows (15): 
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1. They may induce allergens that could pose health risks. 

2. Exposure to bioactive constitutive parts on consumption could give rise to illness. 

3. There is the potential for toxicity from transgenically derived organisms, especially if the 
toxins manage to elude detection surreptitiously under conventional assessment methods. 

4. Inappropriate gene expression may occur. 

5. Activation of quiescent viruses is possible. 

6. Nutritionally deficient substitutions that pose human health risks may be made. 

7. Application of cloning on a large scale may result in monocultures that may be less resis- 
tant to disease, and thus communities of people may be susceptible to risk of famine or 
financial ruin (54,55). 

The committee noted that strict measures can be taken to mitigate the risks associ- 
ated with items 1-5. They include monitoring the method of gene transfer and vigi- 
lance when it comes to how the genes are recombined or resequenced. 

Not unlike risk analysis of environmental concerns, food safety issues are also typi- 
cally assessed as a function of probability of unwanted outcomes occurring and their 
expected severity and immediacy. Again, experts are delegated the task of optimizing 
the ratio of bad consequences to good outcomes. Interpreting the problem of risk man- 
agement solely as an optimization problem, however, bypasses concerns related to con- 
sumer sovereignty and autonomy in the food system. 

Issues related to informed consent on the part of those who will be exposed to food- 
bome risks (whether real or perceived) cannot be treated as “costs” in an optimization 
problem. They raise questions about market, political, and social mechanisms to pro- 
tect consumer autonomy and liberty of conscience ( 56 , 57 ). Consumers may have con- 
cern for purity of food and may have aesthetic or religious reasons or moral arguments 
(such as wanting to support forms of farming as a lifestyle) that must also be consid- 
ered. The lack of viable alternatives to genetically modified products impedes autono- 
mous decision making and liberty of conscience (and is a form of covert coercion). 
Another concern is the absence of mechanisms of informed consent (such as standard- 
ized labeling) to help consumers decide on their own to avoid foods they deem incom- 
patible with their moral, health, or religious values. 

Apart from these infrastructural-minded matters, the dearth of public data on the 
subject of the safety of meat and milk and other products produced from genetically 
modified animals and somatic cell cloned organisms does not inspire confidence. Lon- 
gitudinal studies and vigilant monitoring of the effects of new products and products 
fed to commercially bred animals are encouraged by private industry and government. 
Industry has been reluctant to make data on animal health public because of competi- 
tiveness concerns, yet with respect to food safety, it will almost certainly be critical to 
have published data available. 

3.4. Policy and Institutional Concerns 

How will animal biotechnology serve the public good? Might it perpetuate discrimi- 
nation or be available only to well-capitalized outfits and people? Have government 
agents and scientists communicated likely applications and risks to the public, taken the 
time to help inform the public, and listened to public concerns before moving forward? 
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While pondering these questions, the NRC committee also questioned whether the 
current regulatory and legal framework supported the unique concerns raised by ani- 
mal biotechnology and whether appropriate federal agencies had the technical capacity 
and resources to review the technology and address potential hazards. They also saw a 
need to clarify the responsibilities of individual scientists, academic institutions, pri- 
vate companies, and various government agencies associated with the development 
and application of animal biotechnology by clearly delineating the regulatory jurisdic- 
tion of the USDA, FDA, and the Environmental Protection Agency and reforming out- 
moded policies if necessary (15). Of special concern was the lack of public engagement 
mechanisms to generate meaningful debate and improve public understanding of risk 
factors in a trustworthy and thorough manner at both national and international levels. 

The NRC (15) indicated the need for broad public discussion with ethicists, scien- 
tists, policymakers, commercial agents, animal advocates, lawyers, biopharmaceutical 
representatives, physicians, citizen representatives, and other stakeholders on the ethi- 
cal and social implications of developing and applying animal biotechnology in con- 
junction with the development of institutional guidelines, safeguards, and regulations 
(both nationally and internationally) to steer the course of the technology. At this time, 
broad public discourse to ensure that science and societal values remain aligned is a 
“serious political deficiency” (48). 

Institutional concerns also interface with the issues of food safety, the environment, 
animal well-being concerns, and biomedical concerns. Governments, with the aid of 
scientists and acting on behalf of their citizens, should stay on top of the technological 
advancements (so that they can report to their citizens). Governments should help 
improve the knowledge base so that citizens can weigh in on the risks and benefits for 
themselves, provide mechanisms by which citizens can act in ways commensurate with 
their convictions (i.e., labeling of altered foods), and monitor partnerships between 
publicly funded academic institutions and commercial industries (to forestall impro- 
prieties and conflicts of interest). 

3.5. Biomedical Concerns 

Animal biotechnology may also be applied to improve human disease resistance, as 
treatment alternatives, and to help offset the shortfall of human tissues and organs. 
However, biomedical uses of transgenic animals may pose trade-offs between benefits 
for individual patients and potential deleterious effects for society at large. At present, 
most projects involving animal biotechnology for biomedical purposes fall into one of 
three main categories: 

1. The use of organs, live cells, and tissues for cross-species transfer or xenotransplantation 

2. The production of biopharmaceuticals for human beings and animals 

3. The creation and use of raw genetic materials for engineering other products 

The relationship between biomedical concerns and increasing biotechnology to study 
gene function is not discussed in this chapter. The focus primarily is on xenotrans- 
plantation, but the issues discussed may be germane to categories 2 and 3 as well. 

Xenotransplantation involves the transfer of tissues, living cells, and organs from 
one animal species to another. The potential for animal-to-human transplantation prom- 
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ises to increase the supply of viable organs, including lungs, kidneys, livers, pancreases, 
and whole hearts for human recipients. Tissue research promises bone transplants, skin 
grafts, and corneal transplants for accident, bum, and optical patients, respectively. 
Patients with diabetes, Parkinson’s disease, Alzheimer’s disease, or other diseases may 
have added hope of viable treatments through the fruitful xenotransfer of living cells 
from animals. Although promising, xenotransplantation has been questioned with 
respect to the merits and proficiency of the science and technology, the depth of the 
ethical discourse, and the absence of much needed national and global guidelines and 
regulations. 

Some central concerns and questions associated with xenotransplantation include 
the following: 

1 . Personal health risks caused by immune rejection and infection despite the use of immu- 
nosuppressive drugs. 

2. Potential spread of novel infectious diseases or viruses (i.e., xenozoonosis) from source 
animals to organ and tissue recipients and eventually to contact persons and to the public 
at large (58,59). That is, unlike human-to-human transplants, using nonhuman donors 
leaves human recipients and their contacts susceptible to novel infections. 

3. Legal issues. Individuals who currently participate in medical or clinical trials, must give 
their informed consent. Because of the threat of xenozoonoses, animal-to-human organ 
transplant recipients may be subject to invasion of privacy and be obligated to disclose 
personal information once protected under conventional patient-physician confidentiality 
statutes. These recipients may also be subjected to state-imposed restrictions on their right 
to self-determination, including life-long surveillance, quarantine, restricted travel 
(including prohibition to enter countries that forbid animal-to-human transplants), prohi- 
bition against procreation, or ban against blood, plasma, and organ donation. Recipients 
may also have to disclose their sexual partners and frequent social contacts and agree to 
mandatory postmortem examination. They may not, as most research subjects can, opt out 
of clinical trials (60,61 ). 

4. Business ethical issues. Animal biotechnology has the potential to be very lucrative if the 
prospects can be actualized. Should companies driven by profit and answerable to share- 
holders be mandated to exchange sensitive information and data to help the public weigh in 
on the costs and potential conflicts of interest? Are there appropriate international regula- 
tions and guidelines to regulate the business environment? Should governments allow clini- 
cal trials before or despite social consensus about the risks and how to manage them (59,60)1 

5. Public health cost issues. In the event that transspecies transplants become accepted as 
standard medical practice, should public funds be committed for preclinical trials, clinical 
trials, postclinical screening and monitoring, animal care, and slaughter and disposal of 
the carcasses (60,61 )1 Who is responsible for the financial outlay for large-scale and long- 
term surveillance of organ and tissue recipients, close contacts, and their possible quaran- 
tine (60,61 )1 What are the obligations of national funding agencies, health care financing 
institutions, insurance companies and health maintenance organizations and pharmaceuti- 
cal and biotechnology companies (61,62)1 

Although xenotransplantation promises many things, undue attention to it as the 
ultimate medical elixir (or without substantial guarantees) may divert funding from 
equally viable alternatives that may also be less controversial. Alternatives that are less 
divisive or risky, such as making human donation more attractive and efficient through 
a more concerted effort to seek out and distribute organs; adoption of a “presumed 
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consent” policy of organ donation on death; investment in preventive measures that 
encourage healthy diets, appropriate exercise, and lower consumption of “vices” like 
alcohol and tobacco; the plausibility of human stem cell research; and mechanical and 
artificial gadgetry, for example, should not be ignored. 

3.6. Other Social Issues 

There are other ethical and policy issues to consider that do not fall neatly into the 
above categories. They include concerns over (1) distributive justice; (2) implications 
of animal biotechnology on what it means to be human; and (3) colliding sensibilities 
about animals and our responsibilities toward them. Although the decision point for 
addressing these issues is far from the working scientist’s laboratory, researchers should 
have a basic understanding of them nonetheless. 

3.6.1. Animal Biotechnology and Distributive Justice 

Critics have alleged that application of novel animal biotechnology and precipitat- 
ing changes to intellectual property rights may (absent regulation and public consen- 
sus) support the economic interests of industry giants such as pharmaceutical 
companies, agribusiness companies, and well-capitalized businesses to the detriment 
of smaller producers and rural communities (here and in the developing world), as well 
as have a negative effect on consumer choice. In the case of agriculture, for example, 
novel animal biotechnology that is too expensive for all levels of producers to adopt 
would give larger, well-capitalized agribusinesses a greater economic advantage over 
poorer ones (especially during the short run of transformation to the new technology). 
The development and marketing of this technology will likely be targeted toward pro- 
ducers in the former group; as a result, smaller producers who cannot compete or move 
quickly enough to adopt these new innovations may end up victims of bankruptcy. It is 
likely that the communities in which smaller producers are located may face irrevo- 
cable structural changes to their futures and way of life ( 63 ). 

3.6.2. Implications for Human Cultural Identity 

Is animal biotechnology a good way to advance the quality of life? Even if the tech- 
nology turns out to be safe, should it be pursued, especially if crossing the species 
barrier may have an adverse impact on traditionally cherished values of what it means 
to be human? What are the limits to interfering with “natural” species boundaries? 

On November 13, 2002, under the auspices of Rockefeller University and the New 
York Academy of Sciences, a panel of North American experts convened to discuss the 
morality and science of injecting human embryonic stem cells into an early mouse 
embryo (a blastocyst) to test the potential of special stem cells to help fight disease. By 
producing this “embryonic chimera,” scientists hoped to learn whether human stem 
cells (the kind that have the ability to grow into just about every tissue type) can con- 
tribute to the development of tissues within the mouse embryo ( 64 ). Such research on 
human embryos is presently taboo. 

In this particular instance, the panel focused primarily on questions related to the 
sanctity of the human genome and on how best to approach the subject of weighting 
benefits to individual patients against traditional conceptions of humanity. For example, 
the panel debated the nature of this chimera. That is, to what extent is this creature still 
a mouse if it produces human sperm or if its brain is made up mainly of human cells? 
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They also debated whether and just how this sort of experiment varied from previous 
experiments involving the insertion of human genes into other nonhuman animals, for 
example, into pigs to reduce organ rejection during xenotransplantation. They were 
also concerned whether ethically charged experiments like the present one would cre- 
ate public backlash to more mainstream forms of stem cell research. 

3.6.3. Sensibilities About Animals 

The perception of the moral status of animals is not uniform, and the instrumental 
view of animals as research subjects, genetic commodities to be manipulated and modi- 
fied for human purposes held by most working in animal biotechnology collides with 
the view of animals as beings deserving of respect and sympathy and requiring good 
care and appropriate husbandry. The research community, entrenched in a utility view 
of animals, should be sensitive to contrasting views of animals as having value and 
integrity in their own right. Keener attention to the emotional and cultural significance 
of animals to the public as well as acknowledgment of the religious aspects of animal 
use and consumption are encouraged. In the latter case, scientists and regulatory bodies 
and funding agencies should be sensitive to just what forms of animal uses are taboo, 
socially sanctioned today, or sacrilegious and ensure that these animals and their prod- 
ucts or relevant genetic material are not present in the food supply or in commercial 
products without informing the public. 

So science and policymakers do not run with the ethically charged technology ungov- 
emed, public discussion of the above issues is needed. Through public education, posi- 
tive regulation and legislative prohibitions may be generated that do not stifle truly 
beneficial research and product development. As discussed in the next section, the social 
consequences of novel technology can be minimized by allowing the public (including 
producers) to debate on how technology should serve the public interests and on issues 
of just desert and fair commerce and resource distribution. The need for a well-function- 
ing political mechanism for deliberating these issues is urgent. Regulation on the basis of 
social issues borne out of animal biotechnology should also be considered to ensure that 
policies are in step with the values and concerns of the nonscientific community. 

4. Animal Biotechnology and the Role-Defined Responsibilities 
of Science 

If the many promised societal benefits of animal biotechnology are to come to frui- 
tion, then there must be public acceptance both in the direction in which it is progress- 
ing and of products of animal biotechnology. Although better public understanding of 
the risks and benefits associated with animal biotechnology will go a long way in 
engendering such public acceptance, this is but one facet of what must be undertaken 
by the scientific community to promote animal biotechnology. The other facet (which 
is often taken for granted with technological innovation) concerns public perception of 
the trustworthiness and credibility of scientists or proponents of the new technology 
( 57 , 65 ). If animal biotechnology is to gain a foothold and flourish in the future, scien- 
tists should also be prepared to devote their time and energy to securing the confidence 
of the public in the scientific community itself as well as in their initiatives. 

As the public becomes more scientifically literate, conscientious with respect to the 
concerns raised in Section 3, and suspicious of conflicts of interest that may arise from 
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research bankrolled by industry, the burden of proof rests with scientists. They must 
demonstrate that the increasing industry-driven science has not compromised the 
integrity and objectivity of the trusted professional ( 66 ) and prove that their techno- 
logical innovation is safe and socially acceptable (or at least morally indifferent) and 
that these advances are undertaken in the interest of the public good. 

In the case of animal biotechnology, rapid expansion and increasing specialization 
encourage knowledge gaps between the scientific community and the nonscientific 
public, which in turn places the public in a position of vulnerability. This vulnerability 
is amplified because of the inability to foresee dangerous consequences and unwanted 
outcomes associated with animal biotechnology. Relative to the lay public, scientists 
as “experts” or specialists are perceived as powerful authorities with decision-making 
capacity. As such, the responsibility of managing knowledge on behalf of the public 
good has been deferred to the technically skilled scientific community. But, as history 
has demonstrated many times, power inequilibrium can often lead to the exclusion and 
disenfranchisement of vulnerable parties by those in positions of privilege. The public’s 
trust in the leadership of the scientific community should not be taken lightly by the 
scientific community. 

In cultivating the public’s trust and avoiding public suspicion, it is thus important 
that scientists recognize this social inequilibrium and their positions of privilege and 
make every effort not to let their positions of expertise detract from their public respon- 
sibilities. Instead, scientists as experts have a professional responsibility to reassure the 
public that animal biotechnology will be developed and applied in morally justifiable 
and socially responsible ways. This responsibility enjoins scientists to recognize the 
dignity and autonomy of others and to take measures to neutralize feelings of vulner- 
ability by the public. Scientists can do this by being cognizant of the interests and 
values of others and by being aware that they are one part of a trust relationship. 

The responsibilities associated with cultivating public trust encompass both per- 
sonal and professional ethics. In general terms, they include establishing a climate of 
“participatory science,” that is, of transparency and open communication, accountabil- 
ity, restraint, and leadership. Participatory science establishes a social component for 
scientists and serves to neutralize inequality among the various stakeholders by 
encouraging bridge building and partnership and by aspiring toward shared goals. 

Presently, science, apart from being a field of study valuable in itself or aspiring to 
improve the quality of human life through problem solving and technological innova- 
tion, has also acquired advisory and regulatory roles in society ( 67 ). In this last capac- 
ity, science and scientists are looked on to help people make good decisions as they 
aspire to live well. The voice of science has been an integral part in steering humankind 
along the path of a good life. Hence, the pursuit of knowledge and technological 
advancement is not a disinterested matter; it is not simply about excursions into curios- 
ity for their own sake. Instead, knowledge and technological advancement are imbued 
with social, ethical, political, economic, or religions meaning. As such, scientists should 
take it on themselves to be cognizant of the ethical and social implications of their 
research and strive to understand better the various dimensions of risks and harms 
associated with the development and application of novel technology. 

When it comes to questions of risk, science typically focuses on unwanted conse- 
quences, the probability of the actualization of various harmful scenarios, a valuation 
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of their respective levels of harm, and how to mitigate the harm ( 65 , 68 ). For the public, 
risk is inextricably tied to trust and is not limited to consequences and statistical prob- 
ability that harm will result from a given practice or technology or from the possibility 
of mistakes. The public views risk in terms of anxiety, vulnerability, and feelings of 
security and well-being ( 65 , 69 - 71 ). 

For the public, the element of risk also encompasses how they feel about their lack 
of control over the speed and direction of biotechnological development, unfamiliarity 
with the nature of the science and technology, fear and doubt in the ability of scientists 
and governments to respond adequately to a possible biotechnological calamity, and a 
lack of confidence in and suspicion of scientific authority. Disinterestedness by scien- 
tists in addressing larger ethical and social implications of their work, a nonchalant 
scientific attitude about changing the natures of animals, professional arrogance, un- 
disclosed affiliations and commercial bankrolling, and a lack of identification with 
broad public values are also factors that account for how the public perceives it is at 
risk with respect to animal biotechnology ( 70 ). 

Hence, effective risk management includes sensitivity to how the public feels about 
and assesses risk and according responses to the public’s vulnerability. A scientific 
community that engages the public in genuine reflection, commitment, and open com- 
munication will be seen as trustworthy and credible advisors. By including the public 
in open and conscientious deliberation (i.e., addressing their questions and fears thor- 
oughly about the purposes and justification for applying and developing these new 
technologies and their attendant problems and prospects), scientists demonstrate their 
willingness to take seriously the public’s ethical and social concerns ( 48 ). Further- 
more, forming these partnerships will help ensure that discussion related to the con- 
cerns raised in the Section 3 will be robustly discussed and debated to promote 
responsible development and application of animal biotechnology. 

As mentioned, scientists working in the development of animal biotechnology are in 
prime position to anticipate unwanted consequences and to calculate degrees and prob- 
ability of harm. This special expertise gives rise to leadership responsibilities that in- 
clude educating the public so that they are reasonably science literate and well informed 
about the substantial issues. Scientists should provide the public with relevant informa- 
tion and alternatives or contingencies so the public may make considered decisions 
commensurate with their values and interests ( 72 ). Leadership and accountability also 
involve self-reflection and cognizance of how scientists as a group understand them- 
selves and their responsibilities and respond to challenges and public criticisms ( 73 ). 
Thompson ( 74 ) suggested a few things that scientists can do to cultivate good habits 
and meet the goals of transparency, better public communication, restraint, and leader- 
ship. We delineate this list with some additions. Scientists should do the following: 

1 . Participate in citizen conferences regularly (both formally and informally), that is, be con- 
cerned about the issues about which the public is also concerned, consider the interests of 
other stakeholders at the table, and engage the public on the ethical impacts of scientific 
advances. 

2. Engage critics with the same care as if writing journal articles and encourage peer-re- 
viewed articles on ethical and social implications by scientists on their work and be pre- 
pared to show compelling reasons for the procedures that are adopted and for wanting to 
move forward. 
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3. Make explicit how animals are impacted by the different forms of genetic engineering and 
how this technology will influence the shape of human genetic engineering and cloning (54). 

4. Develop teaching curricula, including courses or degrees in bioethics in universities and 
high schools, which have ethics components and raise questions about the social roles and 
values assumptions of the scientific community, especially highlighting conflicts of inter- 
est and professional responsibility. 

5. Encourage graduate students to take classes in ethics and public policy and to discuss the 
social implications of their work. 

6. Make use of ethics centers and other public assets and mechanisms for discourse and 
critical exchange or include ethicists in research groups. 

7. Make academic and commercial affiliations transparent, that is, disclose research sponsor- 
ships and industry collaborations, especially if partially supported by public monies (66) 

8. Show self-criticism and reflectivity by demonstrating how professional ethical issues are 
attended, debated, reviewed, and awarded by the scientific community. 

9. Ensure that no professional backlash befalls those in the scientific community who: (1) 
are willing to engage in ethical self-review of the community; (2) are critical of the direc- 
tion that science may be progressing; and (3) are willing to expose the values and defi- 
ciencies of the scientific method. 

5. Conclusion 

Human beings have long depended on animals for help and as resources for different 
purposes and have a notable, albeit erratic at times, history of responsible use and care 
of these animals. Today, modem genetically based animal biotechnology offers new 
opportunities to employ the services of animals, but it also challenges us to revisit our 
responsibilities to both human beings and animals alike. 

Animal biotechnology, for all its prospects, is beset with moral concerns that may or 
may not be surmountable. Because it involves intervening in the lives of others and 
may have unforeseeable and radical consequences, it is therefore urgent that the scien- 
tific community engage the public to be forthright about their responsibilities and to 
determine the risks and limitations of the applications in virtue of respect for the rel- 
evant stakeholders so that what is beneficial may not also be detrimental. Scientists 
alone should not be left to decide the direction and means of technological progress. 
Instead, both the scientific and nonscientific communities should come together to build 
a public science agenda as a way to anticipate and preclude corporate control of sci- 
ence or unscrupulous and socially unfettered individual research ambition. 

Animal biotechnology has important implications for the nature of human relation- 
ship with animals, the environment, food safety, biomedical safety, distributive justice, 
and what it means to be human. Serious and thorough debate and dialogue among scien- 
tists, government and commercial agents, and the general public to lay the ethical foun- 
dation for the development and use of animal biotechnology are urgently needed before 
genetically modified organisms or cloned animals make their appearance on farms, in 
grocery stores, or in the environment. Such discourse is necessary to forestall unneces- 
sary societal suspicion or prejudice that has befallen entry of genetically modified crops 
and foods of plant origin into the food supply. A vibrant public discourse will ensure 
that animal biotechnology will be developed and used consistent with the shared vision 
of responsible living and for the benefit of advancing the quality of life for both human 
beings and animals and not simply for economic or discriminatory gain of a few. 
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With any new technology, the public’s attitude toward the research community is 
the key to its success. Responsible animal biotechnology development and application 
will be sanctioned by the public when scientists improve their image, have direct rela- 
tionships with the public, and are keenly aware of their own assumptions and values. 
Responsible animal biotechnology enjoins scientists to consider the interests of the 
public, be aware of their leadership and advisory roles, and understand the implications 
of their work. 
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1. Introduction 

Aquatic organisms are valuable sources of food and other useful materials; they 
have been exploited by humans for a long time (1,2). However, recently more focus 
has been placed on (1) farming useful species through aquaculture and (2) screening 
marine invertebrates as potential resources of complex bioactive compounds for appli- 
cation in therapeutics and agriculture (3). Although in the mid-1980s the introduction 
of recombinant DNA fueled rapid advances in biotechnology, interest in applying bio- 
technology to opportunities in marine organisms has been slow. This may be because 
of the scientific community’s limited knowledge about marine molecular biology and 
its knowledge about gene expression, reproduction, growth regulation, and defenses 
against diseases. In addition, there are available only a few reliable invertebrate models 
for biomedical applications in marine organisms. 

Aquatic genetically modified organisms (GMOs) are those with stable modification 
of their deoxyribonucleic acid (DNA), either because of the insertion of exogenous 
genes or because of the manipulation of an endogenous DNA sequence. For these modi- 
fications to be inherited by the offspring, the DNA of interest must be introduced as a 
stage of the germline (3).\n plants, heterologous DNA (transgene) has been artificially 
introduced and integrated into the cells by infection with Agrobacterium tumefacieance 
or by physical means such as ballistic bombardment. 

To bioengineer aquatic invertebrates, the first step is to choose the appropriate 
aquatic species (4). Second, a specific transgene must be prepared so that it has the 
right orientation of structural genes for temporal, spatial development (2). The gene 
segment is introduced into the fertilized egg by injection, and the injected embryo is 
incubated in vitro, implanted into embryonic tissue before the germ cells segregate 
during embryogenesis, or inserted into the germline itself. In most cases, with these 
techniques, multiple copies of transgenes are integrated at random sites in the genome 
of the transgene individuals. If the transgene is linked with the functional promoters, 
expression of the transgene as well as display of the phenotype is expected in some of 
the transgene individuals. The transgene events are transmitted further through the 
germlines into subsequent generations. 
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The success of these methods typically depends on the particular features of the aquatic 
invertebrates, the method of isolation, and screening of the individual with transgene (5 
In applied biotechnology, aquatic GMOs offer unique opportunities for improving the 
genetic brood stock for aquaculture and then employing them as “engines” for producing 
valuable proteins for industrial and pharmaceutical applications. In this chapter, selected 
technologies and exploitation of aquatic GMOs for biotechnology applications are 
addressed. 

Global harvest of aquatic and marine-derived fishery products depends on the sur- 
rounding populations of shellfish, crustaceans, and finfish and the availability of fresh- 
water. In recent times, the worldwide harvest of fish products has surpassed more than 
150 million tons ( 5 ). To cope with the global demand for fish and aquaculture products 
and with the escalating price of fish-derived products, several countries have turned to 
aquaculture and are breeding fish in contained environments. Since the 1990s, the 
worldwide production of maroalgea, shellfish, and finfish has increasing steadily at a 
rate of 8% ( 6 ). 

To meet the future market demands, use of transgenic technology will be essential. 
To sustain continued growth in the aquaculture industry, newly developed technologies 
in molecular biology and transgenics need to be integrated and increasingly applied. 
These technologies need to be targeted toward enhancing growth rates, controlling 
reproductive cycles, producing new vaccines, developing better feed composition, 
resisting diseases, developing elite brood stocks, and manipulating growth hormones 
(GHs) and growth factor genes. These points are reviewed in this chapter ( 5 ). 

2. Technologies and Methods for Deriving GM Invertebrates 

A transgene (a gene used for modifying the organism) employed in producing 
transgenic aquatic invertebrates should be a recombinant gene construct that expresses 
the gene product at an appropriate level in the desired time and in the specific tissue 
( 5 , 6 ). The prototypical transgene is constructed in a plasmid and harbors appropriate 
promoter-enhancement segments of DNA and a structural gene sequence. 

Depending on the GMO application, the transgene is grouped into one of three types 
of use: (1) improvement of gene function; (2) identification and reporter function; or 
(3) loss of gene activity. The gain-of-function transgene is designed to have an additive 
effect and enhance functions in the transgenic individual or assist in identification of 
transgene events when the genes are expressed properly in GMOs. Transgenes contain- 
ing the structural gene derived from a foreign source or aquatic growth hormone (GH) 
or their DNA fused to functional promoters, such as fish P-actin gene promoters, are 
examples of gain-of-function transgene constructs. Expression of GH in transgenetic 
invertebrates increases production of GHs and ultimately the growth of the GMO ( 7 , 8 ). 
Bacterial p-galactosidase or luciferase gene fused with a functional promoter is a typi- 
cal example of a transgene with reporter or identification function for successful modi- 
fication. A more important function of the reporter gene is to assess and identify the 
strength of a promoter-enhancer DNA segment. An example is the structural gene of 
P-galactosidase or luciferase fused to the promoter element ( 7 ). Following the success- 
ful construction of GMO and gene transfer, the final outcome of the reporter gene 
activity in the invertebrates is employed to estimate the transcription regulatory se- 
quence of the gene or the potency of an inserted promoter ( 7 ). 
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The loss-of-function transgene is constructed and applied in GMOs to disrupt 
expression of the host gene. These genes may interfere with the posttranscriptional 
process or translations of endogenous messenger ribonucleic acid (RNA). In a few 
cases, transgenes are inserted that may encode a ribozyme (a catalytic RNA) that can 
prematurely cleave specific mRNA and thereby arrest production of normal gene out- 
put. Such a transgene may find utility in producing disease-resistant transgenic brood 
stocks for invertebrates and aquatic GMO models for basic research (9). 

3. Selection of Target Species 

Transgenetic studies have been executed successfully in several invertebrates and 
aquatic species, including goldfish, catfish, tilapia, crabs, lobsters, clams, and shrimp 
(5). Depending on the target transgene species, some species are more easily suited to 
genetic manipulation studies than others. For example, Japanese medaka and zebra fish 
have short life cycles, taking but a couple of months to go from hatchlings to mature 
adults that can produce hundreds of eggs. Because the Japanese medaka and zebra fish 
do not require a critical seasonal breeding cycle, they can be genetically manipulated in 
the laboratory (10). Eggs from these species are relatively large, have thin semitrans- 
parent chorions, and offer an easy means for microinjection of DNA into unfertilized 
eggs. However, a big drawback is their relatively small body size, making them unsuit- 
able in certain instances for some biochemical and endocrinological analyses. 

Rainbow trout, salmon, and lobsters are commonly used for transgenic studies 
requiring models with a large body size (3). In these species, the basic physiology, 
comparative reproductive biology, and application of an aquatic transgene are well 
worked out. However, the trade-off for their size is their long maturation time and the 
potential for only a single spawning cycle per year; both of which limit the speed of 
experimentation. 

Goldfish, tilapia, and shrimp are the other group of suitable model aquatic inverte- 
brates with body sizes and maturation cycles that allow easy transgenetic manipulation 
and assessment of progeny (5). The one major drawback is the lack of well-defined 
physiology, genetic background, and known behavior patterns for these species. 

4. Procedures and Protocols 

Techniques such as direct microinjections, lipofections, electroporations, calcium 
phosphate precipitation, and viral infections have been used successfully to introduce 
foreign DNA into invertebrates. Among the various methods (see Fig. 1), direct micro- 
injections and electroporations into freshly fertilized eggs offer reliable methods for 
aquatic invertebrates (11). 

4. 1. Microinjections 

Microinjection into eggs or embryos has been successfully used since 1985 for 
developing transgenic fish and other aquatic organisms (9). The gene constructs 
employed for transgenic fisheries include human GH, Escherichia coli hygromycine 
resistance marker fused with a (J-galactosidase gene. Described below is a more gen- 
eral procedure about how a transgenic aquatic invertebrate (fish) is derived through 
microinjection technology (Fig. 1). 
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Fig. 1. Recombinant technology procedures for deriving aquatic GMOs. 



1. Eggs and sperms are collected in separate containers. 

2. Appropriate amounts of water and sperm are added to the eggs and then mixed to fertilize 
the eggs. 

3. Fertilized eggs are microinjected postfertilization. 

4. A microscopic needle and micropipette are used to inject a linearized transgene DNA 
(with or without plasmid) into the cytoplasm, maintaining careful sterility and avoiding 
puncturing the cells. 

The embryos are incubated in water until they hatch. (For each species-specific 
strain, temperature and light are artificially induced.) 

1. Success, viability, and recovery of transgenic events are species dependent, for example, 
fish embryos range from 30 to 80% percent; the rate of DNA integration ranges between 
10 and 70%. 

2. Tough chorions (outer membranes) of fertilized embryos in some species make microin- 
jection difficult and are the root cause of low success rates. 

In special instances, to facilitate and improve the frequency of transgene insertion 
via microinjections, microsurgery is used, a micro-opening is created through a micro- 
pyle, or a digestive enzyme is used to create pores on the chorion before injecting 
directly into the unfertilized eggs and further inhibiting the hardening of fertilized eggs 
treated with glutathione ( 11 ). 
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4.2. Electroporation 

The electroporation method has become popular f 70 j and has been more reliable for 
transferring transgene in invertebrates (fish). The electroporation principle relies in 
delivering a series of short electrical pulses to the cells to permeate the cell membrane 
and then facilitate the entry of external DNA molecules into the cells. Depending upon 
the species and methods the rate of DNA insertion and integration in electroporated 
embryos in certain cases is 20% or higher than other transformation procedures ( 10 ). 

Compared to microinjections, the rate of success may be equal and comparable. 
However, electroporation is far more rapid than microinjection in the time required to 
handle and manipulate the embryos. In addition, in some instances transgene and for- 
eign gene can be successfully electroporated in the fish sperm instead of the embryos. 
It seems that electroporation offers a more versatile technology for transgene transfer 
in fish ( 10 ). 

4.3. Use of Retroviral Vectors for Transgene Transfer 

In certain invertebrates, electroporation and microinjection have limitations for 
achieving successful transgene events. These limitations may be because of event sort- 
ing of individuals from mosaic germlines or possible delay in integration of the 
transgene. A gene transfer vector that is a defective pantropic retroviral vector has been 
employed to overcome these limitations. This vector contains a unique long terminal 
repeat sequence of the leukemia virus, and the transgene is typically packaged in the 
viral envelope, which then is successfully integrated into the phospholipid component 
of the host cell ( 4 , 9 ). This retroviral vector has a broad range of hosts and has been used 
successfully as a vehicle to transfer transgenes at high efficiency into zebra fish or such 
marine invertebrates as dwarf surf clams ( 5 ). 

5. Transgene Characterization 

5.1. Screening and Identification 

Postinsertion of a foreign gene, the next step is the identification of the individuals 
from the population. Conventionally, high-throughput dot-blot or Southern blot hy- 
bridization of genomic DNA isolated from the presumed transgenic individuals identi- 
fies them. To handle a large sample volume and to assay it rapidly, polymerase chain 
reaction (PCR) amplification and assay of genomic DNA from tissue is adopted. 
Although this method does not illustrate whether the transgene is integrated stably into 
the host genome, it serves as a rapid and sensitive screening method for selecting 
transgenic individuals ( 5 , 6 ). 

5.2. Expression 

The next step is to detect the expression of the transgene event. The success of this is 
depends on the level of expression of the transgenic product in the individuals. Efforts 
here focus on developing more sensitive and precise analytical procedures to raise the 
level of reliability. Several procedures are employed depending on the expression level, 
including RNA-Northern blot or dot-blot method, reverse transcriptase PCR, or 
immunoblotting assay ( 8 ). Among these, reverse transcriptase PCR is the most sensi- 
tive and needs the least amount of sample. 
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5,3. Integration and Inheritance of Transgene 

Following the success of the selection and expression, the integration of the 
transgene needs to be confirmed, especially the presence of multiple copies of the 
transgene; whether the orientation of the transgene is in the form of head to head, head 
to tail, or tail to head; and the site of the integration (11). 

Finally, it is critical to confirm that the transgene is stably integrated, that it is verti- 
cally transferred successfully to subsequent generations, and that an elite line has been 
established (9). This final validation is typically done by backcrossing the first genera- 
tion of the transgenic line with the nontransgenic individuals; then, the progeny are 
assayed for the loss or the continued presence of the transgene by the standard PCR 
process described above. A firm confirmation of the stable integration of transgene 
evaluates several generations of successive lines and the broad-range germline for the 
consistent expression and presence of transgene, thus ensuring that no delayed or dilu- 
tion effect has occurred. 

6. Biotechnological Application of Aquatic GMOs 

Tremendous opportunities exist for the application of transgenics to vastly improve 
aquaculture production of marine invertebrates. However, as with other GMOs 
(microbes, plant, and animals), significant obstacles need to be overcome, especially 
concerns pertaining to containment of transgenic marine invertebrates (5). 

It is very difficult to ensure that the freshwater or seawater used to culture the 
transgenic aquaculture will be free of transgenic larvae or gametes when returned to 
the environment, and that these waters will not accidentally release transgenic organ- 
isms to the environment; thus, it is hard to predict that no event will occur that could be 
detrimental to the marine ecosystem. No governmental agencies openly support the 
release of transgenic metazoans into the environment; therefore, most transgenic breed- 
ing of aquatic species is performed in captivity. 

When political and regulatory opposition is overcome, then subsequent crossbreeding 
beyond the boundaries of research and contained environment may be possible (3). In 
addition, more detailed knowledge about the marine ecosystem and invertebrate biology 
(sea urchins, crabs, sea algae, and related phyla) needs to be incorporated into the impact 
of transgenes in aquaculture technology (12). This will warrant further assessment and 
clearance from government agencies before commercial practice can commence. 

6. 1. Marine invertebrates 

Oysters, sponges, snails, corals, clams, crabs, and other aquatic invertebrates have 
been isolated and used for recovery of specialty compounds such as dyes, pearls, and 
building materials (5,9). Marine invertebrates have been used for a long time in the 
development of novel products such as glues from mussels or chitin, chitosan, or 
chitotriose from shells of crabs, lobsters, and shrimp because of their unique properties 
for application in medicine and agriculture (13). 

To derive contamination free endotoxin clinical specimens from marine invertebrates 
GMO based technology has been adopted in the horseshoe crab amoebocyte lysate. For 
example a specific lysate preparation from the Limulus polyphemus crab is specifically 
employed by the US FDA for diagnosis and tests associated with releasing pyrogen- 
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free pharmaceutical preparations and contamination-free endotoxin clinical specimens 
(5). Because of subtle variations in lots of lumulus lysate pools derived from culturing 
different populations of stocks of these crabs and because of seasonal and environmen- 
tal changes, application of cloning and molecular techniques to standardize the produc- 
tion of recombinant and characterized products of horseshoe crab lysate is gaining 
acceptance (11). 

In addition to useful materials, marine populations are a diverse source for procur- 
ing natural compounds that affect growth, metabolism, reproduction, and therapy 
toward other organisms, referred to here as bioactive molecules. These include effec- 
tive diagnostic compounds with antiviral, parasitic, immunosuppressive, cytotoxic, an- 
titumor, antibacterial, and antifungal properties. These compounds are derived from 
Byrozoa, Mollusca, Cnidaria, Porifera, and Urochordata species (2,5^9). Bioactive 
molecules from these invertebrates offer information on the mode of action, potential 
design for drug discovery, and development and molecular modeling for higher 
expression via cloning and large-scale manufacturing systems for therapeutics (5). 

In addition, marine invertebrates are rich sources for procuring carbohydrate-bind- 
ing proteins (lectins). Lectins have utility in histochemistry, tumor diagnosis, insulin- 
like activity, and cytokine-like activity (12). Some sulfonated polysaccharide ligands 
from marine invertebrates have antiviral properties and have been exploited as thera- 
peutic agents. 

Last, certain sponges, such as Halichondria okadai, produce halichondrins or 
polyether macrolides. Halichondrin B is a potent antimitotic agent that was selected as 
a chemotype for an anticancer drug (14). 

6.2. Transgenic Aquaculture and Fisheries 

As the global demand for seafood continues to increase substantially, as it is pro- 
jected to do into the next decades, there are intensified efforts to meet the supply of 
fisheries and aquatic-derived food sources (2,4). Aquaculture (farming and harvesting 
of aquatic cultures in a controlled environment) is becoming a major industry to satisfy 
the growing demands and appetites for seafood. However, the culture of marine organ- 
isms such as shellfish, prawns, shrimp, lobsters, mollusks, oysters, and clam species 
has a variety of problems related to reproduction, larva settlement, growth regulation, 
disease diagnosis and prevention, and public acceptance regarding palatable taste. Here, 
innovative manipulation via molecular and recombinant DNA techniques and applica- 
tion of transgenics to aquaculture stocks is anticipated to play a major role in address- 
ing and circumventing these issues. 

7. Opportunities in Growth Reguiation and Reproduction 

Marine invertebrates and fish offer new challenges because of the lack of knowl- 
edge of genetics and growth regulation (15-17). However, a few models exist that 
suggest the growth of marine invertebrates can be influenced and improved using GHs 
and similar factors. The cloning of GH and GF genes and the derivation of transgenes 
in aquaculture has seen some ongoing fast track efforts to accelerate development and 
supply of oysters to fisheries. 
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Recently, GH and cyclic DNAs have been isolated and characterized so that when 
genetically manipulated they resulted in enhanced growth in several fish species (trout, 
tilapia, striped bass, salmon) and oysters compared to the control species (5,9). 

Osmoregulation, the physiological status of species, salinity, and temperature activ- 
ity have been shown to influence GH activity. Cloning of antifreeze proteins and sub- 
sequent development of the transgenes has shown a substantial impact on enhanced 
growth in invertebrates. 

7. 1. Reproduction Issues 

Components that will drive the success of the culture of crustaceans are to under- 
stand their life cycle in captivity, understand their reproduction cycle, and to have a 
reliable master seed stock supply. Recombinant transgenetic technology is important 
for characterization of the molecular spawning mechanics, molecular aspects of ma- 
rine endocrinology, ecdisteroids maturation, and a hormonal approach to correlate bio- 
technological approaches that control and manipulate the spawning species in captivity 
( 16 , 17 ). Such efforts also allow establishment of genetically improved and robust brood 
stock desensitized to the risk of diseases. In addition, metamorphosis from embyro- 
genesis of larvae and juveniles, especially the biochemical systems, is also important 
for successful breeding of mollusks and shellfish. Transgenics with modified and ma- 
nipulated morphogenic pathways and novel functional regulations have shed light on 
various environmental factors that control the timing, survivorship, and aquaculture 
setting for successful development of master seed stock ( 11 ). 

7.2. Resistance to Diseases: Diagnosis and Control 

Control and diagnosis of pathogenic bacterial, viral, and protozoal diseases are recog- 
nized as critical factors for the success of a wild or transgenic marine invertebrates culti- 
vation industry as a potential source of edible food for human consumption. Massive 
mortalities are affected in certain coastal regions by pollution, protozoal infection, and 
microbial infection, thus causing catastrophic reduction of natural and commercial popu- 
lations of oysters, marine shellfish, mollusks, and fish and loss of productivity ( 7 , 14 , 12 ). 

One of the main difficulties in addressing disease controls either by virus or mi- 
crobes is the lack of invertebrate cell lines. Therefore, isolation, genetic characteriza- 
tion of viruses, and identity fail to constitute the diagnosis. This also slackens the pace 
of developing appropriate strategies and technologies for rapid detection of parasites 
and correct therapeutic targets for controlling the disease ( 9 ). 

Thus, from disease control and diagnosis perspectives, there is urgent need to inte- 
grate recombinant DNA technologies that will allow in vitro transformation and devel- 
opment of continuous immortal stable invertebrate cell lines and brood stocks ( 6 , 12 , 14 ). 
It seems that there is some success achieved in this area through GMO technologies, 
but it is far from the accomplishments in mammalian, microbial, and plant cells. 

8. Conclusion 

When the fact that more than two-thirds of the earth’s surface is covered with water 
is combined with the novel breakthroughs in recombinant DNA technologies, it is easy 
to realize that tremendous opportunities exist for the use of transgenics in aquaculture 
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production of marine invertebrates. Specifically, explosive growth in improved pro- 
ductivity and technology has occurred for shellfish and transgenic species. By intro- 
ducing desirable genetic traits into finfish or shellfish, superior transgenic varieties 
have been achieved. These traits may include faster-growing or disease-resistant vari- 
eties, improved food conversion efficiency, tolerance to low oxygen concentrations, 
and survival in and tolerance to subzero temperatures. In addition, the use of GMO 
aquatic cultures is anticipated to accelerate identification of genes relevant to repro- 
duction and growth in marine invertebrates, characterization of their regulatory regions, 
or selectable markers that direct the expression of transgenes at optimal level. Further- 
more, it is anticipated that such data will assist in determining physiological, nutri- 
tional, and environmental factors that maximize transgenic aquatic performance. 

Because immunoglobulin antibodies are not synthesized in shellfish, established 
methods for disease control for selected varieties are difficult. Rational vaccination pro- 
grams therefore cannot be applied for species that are economically relevant, such as 
oysters, calms, shrimp, lobsters, and crabs. Assessment of the mode of their internal 
defense mechanism and identification of defensive molecules will warrant equivalent 
investigation. Such study through GMOs is anticipated to shed light on the characteriza- 
tion and provide detailed understanding of the effect that genes have that enables dis- 
ease resistance in transgenetic invertebrates. Research efforts in diagnostics, employing 
molecular tools for detection of potential pathogens, and immunology toward improv- 
ing disease control perhaps will help expand and manage the aquaculture industry. 
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Development of Genetically Modified Agronomic Crops 



Manju Gupta and Raghav Ram 



1. Introduction 

The development and introduction of genetically modified (GM) crops are impor- 
tant steps toward improving crop productivity and food quality around the world. The 
initial hurdle in developing GM crops was the availability of a routine transformation 
technology for agronomic crops. This was partly because of the lack of efficient tissue 
culture methodologies to enable transformation and regeneration and efficient means 
of delivering deoxyribonucleic acid (DNA) into cells. Crops such as rice, maize, and 
wheat, which belong to the monocotyledonous group, were once considered recalci- 
trant in tissue culture, inaccessible to the Agrobacterium method of gene transfer, and 
thus dependent on the development of alternative methods (1-4). Since the 1980s, a 
surge in successful transformation of maize, rice, wheat, and other cereal crops has 
been reported as a result of efficient tissue culture and transformation strategies (5). 
This has made genetic modification of agronomic crops possible, although it came 
much later than for other crops, such as tomatoes. 

The second hurdle for advancing GM crops has been in the area of public acceptance. 
This has resulted in isolation of GM crops from certain geographies of the world, thus 
creating new challenges for global organizations that export grain and food products to 
different countries. The cost of physical isolation and segregation of GM grain from 
non-GM grain could be significant to producers of GM products. Despite these hurdles, 
several classes of GM products have been commercially introduced over the years 
(Table 1); details can be found on the AGBIOS Web site (http://www.agbios.com). 

As the benefits of herbicide and insect resistance genes expressed in crops became 
evident, a wave of products such as Round-up Ready soybeans. Bacillus thuringiensis 
(Bt) com, and Bt cotton was introduced into the marketplace (6). Thus, advances in 
tissue culture and transformation methods (7), availability of efficient molecular tools 
such as selectable marker genes and other components of a vector (8), sound strategies 
for maintaining the quality and integrity of products throughout the developmental 
pipeline (9), and development of analytical tools for detection and traceability of GM 
products (10,11) throughout the value chain have all been essential components for the 
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Table 1 

Genetically Modified Crops and Traits 



Trait 


Crops 


Herbicide resistance 


Maize, rice, cotton, canola, chicory, 

carnation, soybean, flax, linseed, tobacco 


Insect resistance 


Cotton, tomato, potato, maize 


Oil modification 


Canola, soybean 


Male sterility 


Canola 


Fertility restoration 


Canola, chicory, maize 


Delayed ripening 


Melon, tomato 


Viral resistance 


Papaya, squash, potato 



success of GM products. The entire process of developing GM products and introduc- 
ing them to the marketplace takes several years and involves many steps (Fig. 1). We 
introduce some of these key steps in this chapter. Some of these steps can be more 
specific to maize, but will adapt to other agronomic crops. 

2. Production of Primary Transgenics 

Primary transgenics are produced using one of many different transformation methods. 
Depending on which transformation method is used, appropriate DNA vectors containing 
the transgenes are assembled. Essential components and the construction of transforma- 
tion constructs have been extensively reviewed by Hinchee et al. (4) and Merlo (8). 

A basic transformation construct consists of DNA encoding the gene of interest and 
regulatory sequences controlling the expression of the gene. Associated with this DNA 
are a selectable marker gene and its regulatory components, which enable the selection 
of transgenic tissues during the tissue culture process. In addition, use of other func- 
tional DNA sequences such as matrix attachment region for the stability of transgene 
expression may be an option (12 ). 

2. 1. Transformation Methods 

Several transformation methods have routinely been used for the introduction of 
target DNA into plant cells and its subsequent integration into the genetic makeup of 
the cell. Subsequently, plants are regenerated from these transformed cells, seed is 
produced, and thus the introduced DNA is transmitted through seed generations. Fun- 
damentally, there are two methods for introducing DNA into plant cells: biological and 
physical. 

2.1.1. Biological Method 

Members of a symbiotic soil bacterium. Agrobacterium, have naturally developed 
the capability to transfer DNA from their cells to plant cells during infection. Of par- 
ticular interest is Agrobacterium tumefaciens, which in nature transfers DNA (T-DNA) 
present between two border sequences into cells of dicotyledonous plants and causes 
the host cells to divide and produce crown galls (13). Scientists have used this basic 
ability of Agrobacterium to transfer synthetic DNA sequences containing genes of in- 
terest to plant cells. The tumor-inducing DNA sequences (that cause crown gall forma- 
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Fig. 1. A flow diagram showing multiple steps involved in developing a GM product. Regu- 
latory requirements vary depending on the stage of development. *Not discussed in detail in 
this chapter. 



tion) within the T-DNA were replaced with the DNA of interest for transfer into the 
plant cells (14). Considerable advances have been made in improving the ability of the 
Agrobacterium to infect a wider variety of plant species and in extending their ability 
to transfer DNA to monocotyledonous species such as maize (15) and rice (16). 

2.1.2. Physical Methods 

Cloned and isolated DNA containing all of the essential functional components for 
the expression of a trait of interest can be delivered into plant cells via a variety of 
physical or chemical methods. Particle bombardment, microinjection, sonication, sili- 
con carbide (SiC) whisker treatment, and electric current pulse are examples of physi- 
cal means applied for this purpose (17). Chemical-based methods, such as transfection 
using liposomes and polyethylene glycol, have also been utilized to facilitate DNA 
entry into plant protoplast (4). Some of these methods require treating cells with 
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enzymes to remove the cell wall partially or completely and expose the cell membrane 
to facilitate DNA uptake. Difficulty in regenerating plants from protoplasts and low 
transformation frequency have made some of these methods less popular over the years. 

Significant advances were made in crop transformation with the advent of DNA 
delivery methods that rely on particles propelled into cells (4,7). Although the initial 
models of particle guns were damaging to the cells, subsequent improvements in the 
particle size, force used to deliver particles, and tissue culture methods have consider- 
ably improved the efficiency of producing transgenic events, facilitating the produc- 
tion of transgenic crops (17). Another method that has been proven successful uses SiC 
whisker treatment. DNA and cell clumps in suspension are vigorously shaken to allow 
penetration of cells by the SiC whiskers and passage of DNA into the cell (18). In most 
cases, successful regeneration of transgenic plants has been possible. However, appli- 
cation of both the methods has been limited to nonelite genotypes in maize. 

2.2. Transgenic Seed Production 

It is important to produce seeds from the primary transgenic plants (TO) to ensure 
that the introduced DNA is stably incorporated into the genetic makeup of a plant and 
that it can be propagated through meiosis to the next generation. Transgenic plants 
produced after undergoing the transformation procedures, selection pressures, and long 
culturing period during plant regeneration often show symptoms of stress. They re- 
quire careful acclimation to the greenhouse and soil conditions. First-generation 
transgenic plants such as maize frequently do not produce adequate pollen in synchro- 
nization with silks (female florets) to enable self-pollination. In those cases, crosses are 
made with an elite genotype or the original parent genotype (sib pollination) to produce 
T1 seeds. 

3. Transgene Analysis 

Much of the early transgene analysis takes place prior to plant regeneration to reduce 
the number of cultures that enter the regeneration phase (18). TO plants are also a good 
place to test for the nature of the insert, transgene expression, and initial trait analysis. 
More detailed analysis begins at the T1 generation on confirmation that the transgene 
is stably incorporated into the nuclear genome and when discrete viable events are 
obtained. An event refers to a heritable integration of transgene into a unique location 
of the nuclear genome. 

Large numbers (50-500) of events are typically created from a given construct. Not 
all of the events are suitable for a commercial product (9). These events are sorted 
based on several criteria, including event complexity, transgene expression, and plant 
phenotype. Some of the criteria can be evaluated in one plant generation; others take 
multiple generations. Overall, the goal is to select the best candidate events during 
successive plant generations. 

Understanding transgene structure and trait performance during event sorting re- 
quires sequential application of many analytical techniques. The type of technique used 
is normally driven by the assay reliability, speed, and cost. Some of the molecular tools 
and technologies that can effectively be applied at various stages of event sorting are 
reviewed next and summarized in Table 2. 




Table 2 

Event Sorting and Trait Introgression Via Stepwise Application of Various Analytical Techniques 

Generation Analysis Purpose Technology Approaches Results 
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3. 7. Transgene Structure Analysis 

The level and stability of transgene expression to a large extent are correlated to 
transgene structure and its location in the genome. Complex events often show gene 
expression instability because of gene-silencing phenomenon, which is reviewed in 
Chapter 9. Prior knowledge of transgene structure instills more confidence in event 
sorting because eliminating or advancing events based on inappropriate understanding 
could be detrimental to GM crop development. 

3.1.1. Transgene Presence and Copy Number Estimation 

Transgenic traits are frequently associated with herbicide markers, which allows 
rapid confirmation of transgene presence in the transformed plant (8). Nevertheless, 
verification of the presence of all of the genes in a transgenic construct is still crucial 
because genes can become dissociated during plant transformation or transgene inte- 
gration. Detection based on polymerase chain reaction (PCR) is a simple method for 
rapid confirmation of transgene presence in the early phases of event sorting. Typi- 
cally, it is accomplished by amplification of target genes, followed by gel electrophore- 
sis. Identification of the correct size DNA fragment confirms the transgene presence. 
However, this method may not be suitable for large-scale screening. A 5' nuclease- 
based technology or TaqMan® technology (Applied Biosystems, Foster City, CA) 
offers a high-throughput system. 

The TaqMan technology relies on the use of a fluorogenic oligonucleotide probe 
between the two PCR primers, such that when the PCR reaction proceeds in the pres- 
ence of the target DNA, fluorescence is released because of the degradation of the 
probe resulting from the 5'-to-3' exonuclease activity of the Taq DNA polymerase (19). 
The released fluorescence is quantitatively read by a plate reader. The reactions are run 
generally as biplex assays (20). One assay amplifies the target gene, and another corre- 
sponds to an endogenous gene native to the transformed plant species. The probe mol- 
ecules for the two targets are labeled with different fluorophores, thereby allowing 
both amplifications to be read simultaneously by the plate reader. The biplex format 
and the use of 96- or 384-well plate make the TaqMan assays more robust and ensures 
correct data interpretation when the transgene is absent. 

Screening events for low copy number (1-3 copies) are critical for maintaining high 
trait performance. Low copy number events are also preferred for product registration 
because of fewer efforts involved in event characterization. In addition, complex events 
often lead to transgene silencing (21-23). 

There are several technologies and methods to filter events for low copy number. Of 
these, TaqMan and invasive cleavage (see Section 3.2.2) technologies are preferred 
methods. TaqMan in conjunction with real-time PCR permits quantitation of transgene 
copy number with high fidelity (18,20,24). The target genes are amplified and con- 
comitantly read in instruments, such as the ABI Prism™ 7700 (Applied Biosystems) or 
equivalent, as the reactions are progressing. Details of the technology are described 
elsewhere (25,26). Only a small amount of DNA (5-10 ng) is needed for copy number 
estimation. The results can be obtained within a few hours. 

Because the amplification target of the TaqMan technology is approximately 100 
bp, there is a strong likelihood of not detecting partial or rearranged transgenic DNA 
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fragments present either in cis- or trans- configuration to the full-length gene. There- 
fore, 1-3 copy events are further analyzed on Southern blots to verify the number of 
copies (see Section 3.1.2). 

In addition to transgene presence, verification for the absence of undesirable vector 
DNA or “backbone DNA” is also critical because it may incorporate into genomic 
DNA during transgene insertion (27). The presence of vector DNA has practical impli- 
cation during product registration and must be avoided. Early detection of the back- 
bone DNA is accomplished with PCR-based assays, and the events carrying such DNA 
are eliminated. However, there is a strong likelihood that partial copies or fragments of 
backbone DNA may escape such detection. Therefore, Southern blot analysis is 
required for final confirmation (see Section 3.1.2). 

3.1.2. Stable Insertion and Structural Integrity of Transgenes 

A 1:1 segregation ratio of the transgene at the T1 generation (when TO plants have 
been crossed with elite lines) confirms its stable incorporation into the nuclear genome. 
Deviation from this ratio might reflect insertions at more than one locus. Therefore, 
each insertion needs to be identified uniquely to differentiate it from other insertions 
within and between events and to study their structural stability over several genera- 
tions. Southern blot is a preferred method for identifying unique insertion of events. 
Transgene integration analysis in this technique requires the use of a restriction enzyme 
that cleaves only once within the transgenic DNA, with the other sites present in the 
flanking genomic DNA close to the junction (28). On probing the blot with an appro- 
priate transgene DNA fragment, each event displays a unique band position on the blot 
(Fig. 2). If two events show the same band position, then they should be further charac- 
terized by digesting with different restriction enzymes to establish the distinction. The 
chance that a transgene will insert at the same genomic location in two different events 
is highly unlikely. 

It should be noted that one band observed on a Southern blot does not necessarily 
imply the presence of a single transgene copy (28). Depending on the band size and 
restriction enzyme used, there can be other full or partial transgene copies in the same 
band. Multiple bands on a Southern blot denote insertions either at one locus or at 
multiple loci. Multiple-loci insertions can be confirmed by analyzing several T1 plants. 
Any segregation in the banding patterns is indicative of more than one locus insertion. 

Analysis of the entire plant transcription unit (PTU), which includes promoter, cod- 
ing sequence, polyadenylation sequence, and any other associated sequences, ascer- 
tains the insertion of a full-length transgene into the genomic DNA (28). A Southern 
blot strategy for such analysis employs a restriction enzyme that cleaves at the termini 
of a PTU. A typical Southern blot result shows one band of the same size across all 
events originating from the same construct (Fig. 3). Presence of more than one 
transgene insertion in a given event will still produce a single PTU band as long as both 
transgenes are full length. Bands of unexpected size would indicate rearrangements in 
the inserted DNA fragments. Presence of partial copies will result in additional hybrid- 
izing bands, which can be easily identified. Full and partial copies for all of the PTU 
components can be identified by sequential hybridization with corresponding probes to 
the PTU blot. It is critical to identify all of the partial fragments because they can lead 
to gene silencing (22,23,29). 
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Fig. 2. An example of transgene integration analysis using Southern blotting technique. Note the 
unique banding patterns of each event. Some events show more than one band, which means they 
contain more than one copy of transgene. Lane MW,: DNA molecular weight standard; fragment 
sizes are in kilobases. Lanes 1-15: different events of a transgenic construct. Lanes 16 and 17: 
nontransformed plant genomic DNA used as negative controls. Lane 18: nontransformed plant 
genomic DNA spiked with the plasmid DNA carrying the transgene used in transformation. 



All three sources of information, copy number (TaqMan), integration, and PTU 
analysis, must be evaluated together to estimate the number of full-length and partial 
transgene copies in a given event. Nevertheless, DNA sequencing will be the ultimate 
tool to understand completely the structure and orientation of transgene components 
and their effect on trait expression. 

Southern blots made for integration and PTU analyses can also be used for backbone 
DNA screening and the associated bacterial antibiotic genes. Events containing such 
sequences must be eliminated. 

3.2. Transgene Zygosity Analysis 

Depending on the event, the homozygous state of the transgene can be disadvanta- 
geous and lead to counterselection of homozygous plants across generations ( 30 ). This 
can happen because of either higher additive expression or lower silenced state expres- 
sion of transgenes. Either situation may result in inadvertent elimination of homozygous 
plants. Therefore, it is critical to identify the homozygous plants early to ensure proper 
Mendelian segregation, desirable trait expression, and normal plant phenotypes. 
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Fig. 3. Example of transgene PTU analysis using Southern blotting technique. Note that all of 
the events contain the same PTU band at the 2.4-kb molecular weight position. This band posi- 
tion also matches that of the plasmid control shown in lane 16. Lane MW: DNA molecular 
weight standard; the fragment sizes are in kilobases. Lanes 1-14: different events of a transgenic 
construct. Lane 15: nontransformed plant genomic DNA. Lane 16: nontransformed plant ge- 
nomic DNA spiked with the same transgenic plasmid DNA used in transformation. 



3.2.1. 5' Nuclease- Based Assay 

The real-time TaqMan platform, described in Section 3. 1 . 1 for copy number estima- 
tion, has been successfully used for accurate identification of homozygous and hem- 
izygous (zygosity) plants ( 20 ). In a biplex assay, the reference endogenous gene signal 
remains constant whether the transgenic plants are hemizygous or homozygous; the 
transgene signal varies depending on zygosity. When using the same quantity of DNA, 
the ratio of the signals from transgene compared to the endogenous gene determines 
the transgene zygosity. 

Because the real-time TaqMan technology requires expensive instrumentation, 
alternative non-PCR-based invasive cleavage assays can be used for zygosity determi- 
nation as described next. 

3.2.2. Invasive Cleavage Assay 

Invasive cleavage or Invader® (Third Wave Technology Inc., Madison, WI) assay is 
the first gene detection technology capable of quantifying low copy sequences from 
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Fig. 4. The principle of the Invader technology. When transgenic DNA is present, fluorescence 
is produced as a result of linear multiplication of the signal in two phases of an Invader assay. 
(This diagram was obtained through the courtesy of Dr. Glen Donald of Third Wave Technol- 
ogy, Madison, WL) 



complex plant genomes without PCR-based amplification (31). The principle of the 
technology relies on a flap endonuclease enzyme from archaea that recognizes a spe- 
cific DNA structure formed by the hybridization of two overlapping oligonucleotides, 
invasive (or invader) oligo and primary probe, to the target DNA (Fig. 4). The enzyme 
then cleaves the resulting “flap” molecule, and no fluorescence is released in the first 
phase of the reaction. No flap molecules are cleaved in the absence of specific flap 
structure. 

In the second phase of the reaction, the flap molecule anneals to another universal 
DNA oligonucleotide cassette. The 5' end of this cassette is fluorogenic and synthe- 
sized based on the fluorescence resonance energy transfer method of signal amplifica- 
tion (32). On formation of the specific structure, cleavage of the flap DNA (Fig. 4) 
results in the release of fluorescence that is proportional to the number of original 
target molecules present in the genomic DNA. This quantitative fluorescent signal is 
read in a fluorometer. Both primary and secondary phase reactions occur simulta- 
neously. 

Invader assays require about 25-100 ng of genomic DNA, depending on the genome 
complexity. The reactions are isothermic and incubated at 64°C for 2-4 h in an oven. 
Unlike PCR, no temperature cycling is required. Furthermore, the assays are insensi- 
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live to DNA contamination at the level frequently observed in PCR-based assays. All 
of these attributes, combined with its quantitative nature, amenability to high-through- 
put assays, and minimum need for laboratory equipment make Invader a highly desir- 
able detection method for event-sorting applications. 

Like TaqMan assays. Invader assays are also carried out in a biplex format. The 
utility of Invader assays has been proven for zygosity determinations, copy number 
estimation, and transgene presence ( 31 , Nirunsuksin et al., unpublished data). 

3.3. Transgene Expression Analysis 

During event sorting, it is critical that gene products (ribonucleic acid [RNA] and 
protein) conferring a trait are accurately measured over several plant generations and 
across various genotypes, growth and development stages, and different zygosity states 
to find the best-performing events. Adequate and stable expression is the key to finding 
the candidate events. This necessitates the application of the most practical and effi- 
cient tools for characterizing gene products that signify expression. 

3.3.1. RNA Analysis 

Early in the event sorting process, messenger RNA (mRNA) encoded by the transgene 
is characterized for size and quantity with the Northern blotting technique ( 33 , 34 ). This 
technique involves running either total RNA or poly A RNA fractions on a denaturing 
agarose gel, blotting of the RNA onto a nylon membrane, and subsequent hybridization 
of the blot to a radioactively labeled probe corresponding to the transgene sequence. 

The blots are rehybridized with another probe corresponding to an endogenous gene 
constitutively expressed in plants for estimating the relative quantity of the transgenic 
mRNA. Although the technique is highly sensitive, it is labor intensive and not generally 
used to follow transgene expression during event sorting. Quantitative measurement of 
mRNA has been successful by the reverse transcriptase PCR (RT-PCR) technique 
( 35 , 36 ). It involves conversion of mRNA into complementary DNA (cDNA), the quan- 
tity of which can be accurately measured using the real-time RT-PCR approach of the 
TaqMan platform ( 37 ) or with any other detection methods. Alternatively, cleavage- 
based Invader technology has been successfully utilized for quantitation of mRNA ( 38 ). 

Generally, mRNA quantitation is not a preferred method for sorting events because 
RNA synthesis precedes by one or more steps the final molecules that confer traits. 
Furthermore, mRNA analysis may not be a practical approach, especially when plants 
are grown in the field and resources required for freezing the samples are not readily 
available. 

3.3.2. Protein Analysis 

When protein molecules confer a transgenic trait, enzyme-linked immunosorbent 
assay (ELISA) is the most practical and economical way of measuring qualitative and 
quantitative expression ( 39 ). Inherent sensitivity of the assay is reflective of the 
antigen:antibody recognition mechanism. Complementing ELISA with the Western 
blotting techniques ( 40 , 41 ) in the early stages of product development allows detailed 
characterization of transgenic proteins. Western blots permit size fractionation of total 
proteins on acrylamide gels for accurate measurement of protein sizes. Any alarming 
protein degradation or multimer formation because of protein interactions can also be 
examined on the Western blots. 
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3.3.3. Gene-Silencing Analysis 

ELISA analysis over two to three hemizygous and homozygous plant generations 
generally identifies events showing significant gene expression variability; such events 
are not advanced. However, minor and infrequent variability in expression may not be 
as obvious in the early stages of event sorting because of the confounding effects of 
variabilities inherent in the detection methods, plant sampling, and growth conditions. 
Such events warrant gene-silencing analysis at the nucleic acid level. 

Posttranscriptional gene silencing has been highly correlated with the presence of 
21- to 26-bp small interfering RNA (siRNA; 42); both transcriptional gene silencing 
and posttranscriptional gene silencing have been associated with the methylation of 
transgene and other relevant sequences (23,29). Therefore, either the detection of 
siRNA or methylation of the transgenic DNA has been the basis of examining gene 
silencing. Methods for siRNA detection are based on isolation of the total RNA frac- 
tion, enrichment for small RNA, size fractionations of small RNA on polyacrylamide 
gels, and subsequent hybridization to appropriate nucleic acid probes (43-45 ). Because 
this method is labor intensive, its application is limited to a selected set of events. 

DNA methylation in plants occurs in the symmetrical (CpG and CpXpG) and asym- 
metrical cytosine bases (29,45). Southern blot analysis is a frequently used method for 
DNA methylation analysis in transgenic plants (46,47). The principle of the method re- 
lies on the use of restriction enzymes that are sensitive to DNA methylation. These en- 
zymes do not cleave when cytosine residue in the recognition site is methylated. As a 
result, higher molecular weight DNA fragments are identified on Southern blots (Fig. 5). 
This method is conducive to identification of DNA methylation in different components 
of transgenes. For example, methylation in the coding and promoter sequences can be 
identified utilizing restriction enzymes that produce characteristic size bands encom- 
passing those regions on hybridization with the corresponding DNA probes. DNA me- 
thylation analysis is also favorable for studies involving field-grown plants because of 
DNA stability in sample shipment. 

Bisulfite treatment of genomic DNA provides an alternative method for the detec- 
tion of methylated cytosines. This treatment causes conversion of unmethylated cy- 
tosines to uracil; methylated cytosines remain unchanged. LFracil is read as thymine 
during PCR amplification, and this change is easily read on sequencing gels. Based on 
this principle, several methods have been developed for identification of methylated 
bases. These include direct sequencing of the PCR products (48-50), single-strand con- 
formation polymorphism analysis followed by sequencing (51), and size fractionation 
of PCR-amplified fragments with or without restriction enzyme digestion (52-54 ). The 
success of any of these methods for a specific application can depend on several fac- 
tors, including heterogeneity in the cytosine base methylation, complexity of transgenic 
events, and the presence of homologous genes or components native to the host plant. 

4. Introgression of Transgenic Traits 

Transgenic events showing desirable trait expression must be introgressed into sev- 
eral different elite lines for trait commercialization. Conventional breeding programs 
typically require six generations of backcrosses (BCs) for trait introgression. This takes 
2 years in maize with the use of continuous nurseries. However, it may take longer with 
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Fig. 5. Example of DNA methylation analysis in transgenic plants. Genomic DNA samples from 
eight homozygous plants of two genotypes, representing T2 generation, were digested with re- 
striction enzymes BstU I, Nci I, and Alu I. I and Nci I recognition sites were sensitive to 
CpG methylation; Alu I site was not. Samples 1, 2, and 6 showed very low transgenic protein 
expression as measured by ELISA. These samples also contained a band of higher molecular 
weight at the 3.4 kb position in the Nci I digests (arrows) that was not present in samples 3, 5, 7, 
and 8 expressing the expected amount of transgenic protein. BstU I digest did not show any 
additional band correlated with low expression. However, it did show a band of increased inten- 
sity at the 2 kb position and a decreased intensity band at the 0.9 kb position in lanes 1, 2, and 6. 
It appears that the 0.9 kb band has shifted up to the 2 kb position as a result of DNA methylation. 
No altered banding pattern was seen with Alu I restriction enzyme. The very first lane on the gel 
represents a DNA molecular weight standard; the lanes labeled as plasmid control represent 
nontransgenic plant DNA spiked with the plasmid used in transformation. These plasmid DNA 
samples were also digested with the three enzymes and are present accordingly in different pan- 
els. MW ladder: DNA molecular weight size standard; fragment sizes are in kilobases. 



other crops. Marker-assisted selection (MAS) of plants can reduce this time by half 
(55). The concept here is to identify and select fewer plants that contain a higher per- 
centage of the desirable recurrent parent genome than expected. For example, the 
expected averages of the recurrent parent genome at the BCi and BC 2 generations are 
75 and 87.5%, respectively. With the application of MAS at the BCj and BC 2 genera- 
tions, plants converted for the genome content very close to that of recurrent parent 
could be obtained (56). When BC 2 is the last breeding generation, MAS must be applied 
at BCj for the most impact. 

A successful MAS program requires an efficient marker system (see Sections 4.1- 
4.4) coupled with a marker application strategy. The marker application strategy 
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involves choosing markers at equally spaced intervals throughout the genome; these 
markers are polymorphic between two parents of the cross. An interval of 20 cM (or 
map units) has been proposed as ideal to tag any gene of interest along the chromo- 
somes with selection fidelity of 99% (58), with the exception of the regions flanking the 
gene of interest. Accordingly, 60 markers will be required to cover a 1200-cM genome. 
Based on computer simulation and MAS based on restriction fragment length polymor- 
phism (RFLP) in tomato, analysis of only 30 plants in each of the three generations has 
been reported as sufficient for the whole recurrent parent genome recovery (55). 

During MAS, the chromosomal region flanking the transgene is of special focus be- 
cause of its tight linkage to the trait. Any undesirable set of genes located in this region 
can adversely influence the trait or plant phenotype. Thus, the effects associated with 
this undesirable flanking region are generally referred to as linkage drag (58). This 
region apparently is not the focus of as much attention if the original transformation was 
carried out in an elite background. Sizable linkage drags of 10 cM can persist even after 
20 rounds of BC breeding (59). MAS can effectively remove the linkage drag (55 ). 

Transgenic traits to date are generally comprised of single-locus traits, and their 
introgression can be straightforward with MAS. However, the inherent value of MAS 
is further realized when multiple single-locus or multiloci traits are stacked during trait 
pyramiding strategies. In these instances, markers flanking the particular genes can be 
closely monitored for precise genome recovery along with the ones employed in the 
whole genome recovery. 

The most effective marker systems of today are comprised of DNA markers. Such 
systems offer unlimited opportunities for creating new markers by exploiting the ge- 
nome structure and sequence information contained in it. Development of a DNA marker 
system requires significant effort and multiple years of development. The success of a 
marker system is determined by the informativeness of markers, availability of a dense 
genetic linkage map, amenability to high-throughput screening, and low cost per assay. 
Several types of DNA marker systems have been developed (60); those already applied 
or have the potential to be applied for MAS are described in this section. 

DNA markers are heritable and allow unbiased scoring because of their insensitivity 
to the environment. Selections based on plant phenotypes can be adversely affected by 
stress conditions, such as disease and water stress, and may hinder plant selection (55 ). 
In addition, desirable phenotypes may not be as obvious in the early BC generations 
because of transgenes residing in inferior nonelite genetic backgrounds. Under all of 
these situations, MAS provides an unequivocal means of selecting and advancing the 
most converted plants. 

4. 1. RFLP Marker System 

RFLP markers differentiate individuals by recognizing differences in the restriction 
enzyme fragment lengths identified with the Southern blotting technology (61 ,62 ). Such 
differences are characteristics of mutations that occur within the restriction enzyme 
recognition sites. In addition, large insertions and deletions contributing to the length 
differences are also detected. However, both types of polymorphism are not distin- 
guishable from one another in the final results. RFLP markers are created by precisely 
fragmenting the genomic DNA, typically with 6 bp recognizing restriction enzymes. 
This DNA is size fractionated on an agarose gel, blotted onto a nylon membrane, and 
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sequentially hybridized to cloned genomic or cDNA probes. Such probes generally 
occur as one to two copies within the same species genomic DNA (63). The blots are 
exposed to X-ray films or Phosphor Imager, and it can take 1-3 days to visualize the 
results. 

RFLP was the first DNA-based marker technology capable of representing the whole 
genome in marker-assisted breeding or introgression programs. Because of this virtue, 
RFLP genetic linkage maps of many crops were developed (64). Another highly desir- 
able attribute of the RFLP markers is their codominant nature, meaning alleles from 
both parents are simultaneously scored in the final DNA patterns. Despite the high 
information content and construction of successful linkage maps in many of the crops, 
the technology is not currently a preferred method for MAS because of its low through- 
put and high cost per assay. 

Nonetheless, RFLP linkage maps continue to be a valuable resource in understand- 
ing and developing other marker systems. RFLPs provide a framework of markers for 
constructing simple sequence repeat (SSR) and amplified fragment length polymor- 
phism (AFLP) (described next) genetic maps (65,66). RFLP markers can be converted 
into single-nucleotide polymorphisms (SNPs) or sequence tagged site markers (67) for 
higher throughput screening. 

4.2. AFLP Marker System 

The AFLP technology employs selective amplification of DNA fragments from 
genomic DNA samples that have been digested with combinations of restriction 
enzymes (68). This selectivity comes from the presence of additional 1-3 bases at 3’ 
ends of the primers, which recognize and amplify only a subset of DNA fragments. On 
size fractionation, the amplified DNA is resolved into 25-100 bands per sample, de- 
pending on the genome complexity. 

Like RFLP markers, AFLP markers distinguish individuals based on the presence of 
point mutations in the restriction enzyme recognition sites and smaller insertions or 
deletions in the target DNA fragments. Most AFLPs are dominant markers, meaning 
alleles from only one of the parents can be identified and scored. Identification of het- 
erozygous and homozygous alleles has been possible through quantitative scoring of 
the markers (69). AFLP linkage maps are constructed de novo each time a new popula- 
tion is analyzed. This is because not every laboratory has the instrumentation to pre- 
cisely measure AFLP band sizes represented in relatively complex DNA fingerprints. 
Secondly, identical size AFLP bands in two populations, generated with the same 
enzyme and primer combinations, may not map to the same location (69). The latter 
uncertainty stems from the fact that AFLP markers are identified by the limited 
sequence homology during amplification. The homology of 1-3 bp located at each 
terminus of amplified fragments may not be sufficient to prove unequivocally the same 
sequence in two identical size fragments. 

Given sufficient levels of DNA polymorphism within a population, a total of 8-10 
primer combinations, applied to two or more enzyme combinations, may prove practi- 
cal in MAS projects. Linkage maps are generally constructed in the first BC generation 
and then utilized in all of the generations for plant selections. In our experience, if 
plants were infested with bacterial or viral diseases or with aphids, then the DNA of 
those organisms will also be extracted along with the plant DNA and will result in 
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artifactual bands in the final DNA patterns. Often, these bands can be of very high 
intensity and can mask other markers or not allow other markers to amplify with ex- 
pected band intensity. 

Because of the high multiplex ratio of the AFLP markers and no a priori sequence 
requirement (65), AFLP markers are still an attractive system for many species for 
which no other high-throughput marker system has been developed. 

4.3. SSR Marker System 

SSRs are ubiquitous in all eukaryotic genomes. They are comprised of repeat motifs 
1-6 nucleotides long and are found tandemly repeated in various genomes (70). One 
SSR is found every 6-7 kb in plants, which is equivalent to the frequency found in 
mammals (71) There are several attributes of the SSR sequences that make them highly 
desirable markers: 

1. SSRs are highly abundant and found interspersed with single-copy as well as repetitive 
sequences in genomes ( 72 - 74 ). 

2. They are associated with high levels of polymorphism ( 75 ), which have been attributed to 
DNA polymerase slippage during chromosomal DNA replication ( 76 ). As a result, the 
repeat numbers can either increase or decrease within a given sequence. 

3. SSRs are multiallelic loci with more than five alleles typically observed in plants ( 77 ). 

4. SSR markers are amenable to high-throughput PCR assays ( 78 ). Multiple (10-20) mark- 
ers can be fractionated with high resolution within hours and semiautomatically scored. 

5. SSRs are codominant markers that provide high information content per assay in genetic 
analysis. 

The development of SSR markers requires flanking sequence information for the 
amplification of the intervening variable repeat. To accomplish this, SSR-enriched 
libraries for various repeat motifs are constructed, and SSR-containing clones are iden- 
tified and sequenced for developing PCR assays (79). This labor-intensive and expen- 
sive process has been a disadvantage of the marker system and its rapid application in 
many species. SSR-based linkage maps have been developed for many plant species 
(66). In an effort funded by the National Science Foundation, a high-resolution SSR 
map of maize has been developed. This map is comprised of a total of 1734 SSR mark- 
ers, of which 978 markers are new (66). SSR maps can be used across populations and 
genotypes within a species. High-resolution maps are highly desirable not only for 
successful MAS, but also for directional genome walking, individual genotyping, and 
genome evolution studies (80). 

Often, SSR linkage maps may either lack or contain a limited number of markers in 
certain regions of the chromosomes. In addition, crops with narrow germplasm base 
may overall lack polymorphism with SSR. In such cases, a higher resolution marker 
technology is needed that can reveal polymorphism at the DNA sequence level. 

4.4. SNP Marker System 

An SNP marker assays point mutations in the genomic DNA and offers unlimited 
opportunities for developing high-resolution maps. Existing data on com suggest that, 
on average, one SNP is found every 48 to 131 bp. Maize is predicted to have over 20 
million informative SNPs that may be available for analysis ( 81 ,82 ). Cereon Corporation 
a Monsanto company, (http://www.arabidopsis.org/cereon/) has identified over 37,344 
SNPs in Arabidopsis between Columbia and Landsberg ecotypes. No comparable data 
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exist in any other plant species. As efforts are invested by public and private institutions 
toward genome, Expressed Sequenced Tag, and cDNA sequencing from diverse geno- 
types within a species, a wealth of genomic sequence information will become available. 

The current strategy for SNP identification is PCR amplification of the target DNA 
from many diverse genotypes, followed by cloning and sequencing of those fragments. 
The sequences are then aligned using software to find SNPs, which are then validated. 
Because of the extensive effort involved, which can be cost prohibitive, a full SNP 
marker system for any of the crops is not available yet for MAS applications. 

An alternative approach for obtaining SNP information is the use of public data- 
bases, in which sequences of the gene homologs have been reported from multiple 
genotypes. All of these SNPs still have to be validated prior to use. 

Although it is a daunting task to develop a large number of SNP markers from 
scratch, a more practical and faster approach is to convert the existing RFLP markers 
into SNP markers that represent defined map locations. A framework of such SNP 
markers, when complemented with another marker system such as SSR, will provide 
an effective tool for MAS. A similar approach can be applied when SSR markers are 
scanty in certain regions of the chromosomes. These “gaps” can be filled with SNP 
markers, rendering maps effective for MAS. 

Several detection technologies are currently used for scoring SNP polymorphisms 
( 83 ). SNP markers are amenable to higher throughput because no gel-based separation 
of DNA fragments is required. Target DNA is generally amplified and then subjected 
to SNP analysis using any of the following approaches: oligonucleotide hybridization, 
nuclease cleavage of mismatches, oligonucleotide ligation, primer extension, or direct 
sequencing. No clearly preferred technologies considering the cost and throughput of 
SNP markers have emerged, although technologies such as pyrosequencing ( 82 , 84 ) 
and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 
(MALDI-TOF MS) seem to be commonly practiced in laboratories ( 85 , 86 ). 

Codominant SNPs are less polymorphic than SSRs because only two alleles of SNPs 
can be found in any given population. This disadvantage can be offset by analyzing 
haplotypes (or several SNPs present on a stretch of DNA) to give polymorphism equiva- 
lent to RFLP ( 82 ). In maize, such stretches are reported to be 100-200 bp long before 
linkages are broken ( 81 ). Because maize is considered a very polymorphic species, 
SNPs need to be understood in species with low polymorphism, such as soybean and 
melon, for its full utilization in MAS projects ( 87 ). 

Because genomes are organized such that clusters of genes are separated by the 
repeated sequences ( 88 ), no one marker strategy may be able to provide the best ge- 
nome coverage desired. Therefore, a combination of marker systems may prove most 
practical. A plethora of other strategies for creating new markers with random amplifi- 
cation of polymorphism (RAPD) and single-primer amplification reaction (SPAR) 
techniques ( 89 , 90 ) and for modifying the existing markers with sequence-character- 
ized amplified regions (SCAR) and sequence-tagged site (STS) strategies ( 60 , 67 ) are 
available to provide higher efficiency screening. Such markers can be added, as neces- 
sary, to the marker systems described here for desired marker density or for filling up 
the “gaps” in the chromosomal regions. The overall goal is to obtain maximum poly- 
morphism that is evenly spaced throughout the chromosomes for the most efficient 
marker-assisted introgression. 
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Following transgene introgression, events undergo several cycles of seed increases 
prior to final seed production. The product registration process begins many years prior 
to commercialization and is discussed in Chapter 1 1 in this book. 

5. Product Quality 

Quality of seed products has been an important aspect of the seed business in several 
countries. Variety identity and seed quality standards are obligatory for the seed pro- 
ducers. The introduction of GM products into genetic backgrounds essentially similar 
to their nontransgenic counterparts has elevated the purity standards to a new level 
(91). Segregation of GM products in the marketplace has also led to revisiting the 
breeding and production practices across the industry, particularly in cross-pollinating 
crops such as maize (92). 

Driven by consumer concern and legislation regulating the levels of GM in food 
products in European countries (93), the technology for detection of GM in non-GM 
backgrounds has advanced considerably (10). The methods are generally based on 
PCR technology, and commercial kits are available to detect approved GM products 
(94). Whereas the adventitious presence of GM in non-GM products has been the 
driver behind improved field production practices; the adventitious presence of GM is 
also important to maintain the integrity of the GM products. The threshold levels for 
the presence of unintentional GM are variable, depending on the country importing 
the grain. 

6. Conclusion 

Currently, 5-10 years are invested in developing and registering a GM product, 
which does not include the gene discovery time. Advances in several technological 
areas that will be necessary to minimize this time include improvement in gene deliv- 
ery techniques leading to direct transformation of elite varieties bypassing the tissue 
culture steps, development of techniques for directing transgene insertions into desir- 
able genomic locations (95) for stable and targeted transgene expression (96), a chip- 
based marker system for rapid screening of genomes during trait introgression, and 
evolution of trait-specific identity preservation and detection methods to launch the 
products into the marketplace successfully. 

The benefits of GM products are evidenced by the vast increase in the products and 
the planting acreage around the world. Introduction of GM products with new traits is 
expected to grow in the near future with advances in molecular tool development and 
gene discovery technologies (97). In this dynamic situation, regulations and environ- 
mental risk studies will play a significant role (98). Advances in analytical technolo- 
gies are improving the ability to detect the adventitious presence of GM in non-GM 
grain. Without global acceptance of threshold limits for the presence of GM products, 
growers and food producers have to extend their resources to segregate products in the 
distribution channel. 
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Nature's Defense 
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1. Introduction 

Plants have evolved mechanisms to limit viral infections and genomic damage that 
can occur by the invasion, proliferation, and expression of viruses and mobile genetic 
elements such as retroelements and transposons (1). Up to 95% of a plant’s genome is 
comprised of repetitive elements. The mechanisms involved with limiting expression 
of this “junk” deoxyribonucleic acid (DNA) have significantly hindered progress in 
agricultural biotechnology because DNA carrying genes of interest is often subjected 
to the same protective surveillance mechanisms and their expression shut down. This 
phenomenon, known as gene silencing, can occur immediately following integration of 
transgenes or over several generations. Gene silencing can affect some or all plants 
derived from a transgenic event, and expression can be partially or fully turned off. 

Gene silencing in plants has been divided into transcriptional gene silencing (TGS) 
and posttranscriptional gene silencing (PTGS) (see Table 1 and refs. 2-7). The primary 
distinction between TGS and PTGS relates to the different mechanisms responsible for 
reduced messenger ribonucleic acid (mRNA) levels. In TGS, transcription is completely 
or partially turned off and can be correlated with methylation of the promoter driving 
the silenced gene. Genes affected by PTGS have a normal rate of transcription (as mea- 
sured by nuclear run-ons), but a reduced steady-state mRNA level. Hence, PTGS acts 
posttranscriptionally and is characterized by mRNA degradation. The protein-coding 
regions of genes silenced by PTGS are usually methylated, at least in the 3' end of the 
gene. PTGS is dependent on the gene that is silenced being transcriptionally active ini- 
tially. TGS is mitotically and meiotically heritable whereas PTGS can be reversed 
between generations (i.e., expression of silenced genes is switched on at meiosis). 

Transgenic events prone to silencing are characterized by recombined, complex DNA 
integration, particularly if an inverted repeat is present (8). When an inverted repeat of 
sufficient length (greater than 21 bp) is transcribed, the homologous DNA can become 
methylated and silenced. This is true for both TGS (promoter region transcribed) and 
PTGS (protein-coding region transcribed). Importantly, the resultant silencing can act in 
trans, that is, silence other genes containing the homologous sequence (see Section 7). 
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2. Transcriptional Gene Silencing 

Although somewhat dependent on the method of DNA delivery, all transformation 
methods generate a significant proportion of transgenic events that do not express the 
gene of interest, even though they contain an intact copy of the gene (see refs. 4,9, and 
10). Nonexpression of some of these inserts is related to their chromosomal environ- 
ment (position effect). Inactivation by methylation of a transgene can result from inser- 
tion into an inactive chromatin site, such as found in highly condensed heterochromatin. 
Methylation can also spread from flanking genomic DNA into transgenic sequences. 
Heterochromatic spreading, and hence methylation, of genes was found for genes bor- 
dering a DNA element in petunia that has an inverted repeat (3). Spreading of a re- 
pressed chromatin state has been particularly well documented in Drosophila (77). If 
the region of an insert that is methylated includes a promoter expressing the gene of 
interest, promoter activity will be reduced. 

The degree of methylation can vary per individual plant, depending on a stochasti- 
cally determined probability of occurrence, the environment, or zygosity (hemizygosity 
or homozygosity). Other than chromosomal environment, the other principle determi- 
nant of TGS appears to be insert structure. Inverted repeats of promoter regions that are 
transcribed are silenced by mechanisms described for PTGS in the next section (8). 
Inverted repeats that are not transcribed are thought to be methylated by a yet to be 
elucidated mechanism by which plants appear to sense inverted repeat structures. 

3. Posttranscriptional Gene Silencing 

Posttranscriptional gene silencing is induced by RNA virus infection (72), very high 
levels of expression of transgenes ( 13,14 ), or expression of inverted repeats of transgene 
coding regions (see refs. 2, 4, 5, 7, and 8). Proposed models suggest that transgene and 
viral-induced PTGS are related mechanistically, but each has unique features. Aber- 
rant RNAs (75) and nonpolyadenylated and double-strand RNAs (dsRNAs) (16) can 
also induce PTGS. Aberrant RNAs include RNAs that are transported to the cytoplasm, 
but are improperly transcribed or processed. In addition, it has been shown that RNAs 
that lack an intact open reading frame may trigger PTGS. Endogenous genes have also 
been observed to be silenced when released from normal expression controls because 
of high expression (77). 

3. 7. PTGS During Plant Development and Growth 

PTGS has been described as a stochastic event; that is, its occurrence within a popu- 
lation of individual plants is more or less random. Its level within a population can be 
altered by environmental changes. One of the best examples of the dependence of PTGS 
on environmental changes is from one of the pioneering studies of gene silencing. In 
this study, a petunia line transformed with a dihydroflavonol reductase gene, a gene 
conferring flower pigmentation, showed a moderate level of silencing, as indicated by 
production of white flowers, when maintained in a normal greenhouse environment 
(18). However, when plants representing the same event were grown in high light, 
silencing was much more pronounced. Temperature has also been shown to influence 
the level of gene silencing (79). How environmental inputs interact with the various 
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steps of the PTGS pathway has not been thoroughly investigated. Nonetheless, these 
observations underscore the importance of wide geographic testing of transgenic crops. 

Early work in tobacco suggested that, unlike TGS, PTGS is reversed during meiosis 
(20-22). More recent data support a different explanation for lack of PTGS in young 
seedlings of an event prone to silencing. Mitsuhara et al. (23) used a luciferase reporter 
gene to show that PTGS does not occur in proliferating tissue. 

3.2. Silencing Can Spread Throughout the Plant 

Several lines of evidence suggest that a mobile signal of PTGS is responsible for the 
spread of silencing via phloem transport and cells connected by plasmadesmata (24). 
The first indication that PTGS could spread from its site of onset came from studies 
demonstrating a visible phenotype of genes cosuppressed (silencing of endogenous 
genes) in cells that were not clonally related (25,26). Further data supporting a mobile 
signal were obtained from experiments in which different grafting combinations of 
transgenic and nontransgenic scions and root stocks were tested for spreading of the 
silencing signal (27,28). 

These results clearly showed that silencing could be transmitted to a nonsilenced 
scion from a silenced rootstock. In addition, the silencing was sequence specific: only 
those genes silenced in the source of the silencing signal became silenced in the scion. 
Rootstocks containing silenced transgenes could silence nonsilenced scions expressing 
the same transgene, but at a different genomic locus (29). Interestingly, in this study, the 
silenced state of the scions was maintained when grafted onto a nonsilenced rootstock. 
This result contrasts with the work of Palauqui and Vacheret (17), in which the silenc- 
ing was not maintained in all silenced scions after regrafting onto wild-type rootstocks. 
Only those scions that could trigger silencing themselves maintained a silenced state 
after regrafting. 

Although systemic silencing can spread extensively in a plant, this phenomenon 
appears to be excluded from meristematic regions (50). It is not clear if this exclusion 
is because the signal is not transmitted to these regions or if the cells contained in the 
meristem lack the cellular machinery necessary to respond to the signal. The silencing 
signal also appears excluded from seed, possibly because of its inability to cross the 
parent placenta. Although several models have been proposed, the nature of the silenc- 
ing signal is still unknown (24,31 ). 

3.3. Mechanism of PTGS 

Although many of the details are unclear, considerable progress in understanding 
the mechanism of PTGS has been made. For transgenes, it is currently believed that 
aberrant RNAs are converted to dsRNAs by cytoplasmic RNA-dependent RNA poly- 
merases (RdRP) (32,33). RNA viruses carry their own RdRP for producing dsRNAs, 
which is a normal part of their mode of propagation (12). The dsRNAs, or their frag- 
ments, are mobile and transported through plasmadesmata and phloem, possibly 
resulting in the spread of silencing through the plant (see Section 3.2). 

dsRNAs are degraded into 21-23 nucleotide small interfering RNAs (siRNAs) by 
an RNase thought to be similar to DICER in Drosophila (34). This enzyme has RNase 
III homology, which is consistent with its ability to degrade dsRNAs. The siRNAs 
become attached to a protein contained in an RNA-induced silencing complex (RISC) 
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(35 ). A helicase is thought to convert the double- strand siRNA to a single-strand RNA 
molecule, which remains attached to the RISC. The attached siRNA provides the speci- 
ficity of the RNase activity of the RISC to those molecules homologous to the siRNAs. 
Thus, once initiated, PTGS will cause the degradation of both dsRNAs and single- 
strand mRNAs. Although still not completely resolved, the current data suggest that 
the RISC cuts mRNA at a limited number of sites; the resultant free ends then serve as 
substrates for rapid degradation. 

3-4- The Relationship of PTGS and TGS 

An emerging concept mechanistically links PTGS and TGS by virtue of the require- 
ment of dsRNAs in initiating silencing (3J6-38) (see Fig. 1). The presence of an 
inverted repeat in the protein-coding sequence of a gene results in a transcript contain- 
ing a double-strand region. This dsRNA triggers PTGS, and in this case, the need for an 
RdRP to synthesize a dsRNA is circumvented. 

In a similar way, an inverted copy of a promoter can be transcribed if it inserts next 
to a functional promoter (see Section 7). The dsRNA produced from the promoter is 
also “diced” by a DICER-like activity. As a consequence, the presence of either the 
dsRNA or its derivative siRNAs results in the silencing of any promoter that shares 
homology. 

The silenced promoter becomes methylated by de novo methylation, with its expres- 
sion partially or completely turned off. The methylation pattern of the promoter regions 
can be passed on to subsequent generations by maintenance DNA methyltransferases 
(see Section 4). The coding sequence also becomes methylated in transgenic events that 
express transcripts containing inverted repeats of this region; however, it is not likely 
the methylation is involved in the initiation of silencing, but could be important to its 
maintenance. 

4. Gene Silencing and DNA Methylation 

DNA methylation has been associated with both PTGS and TGS. The importance of 
methylation to the mechanism of gene silencing is still under investigation. Although a 
vast majority of the evidence shows clear correlation of methylation and silencing, it is 
not known if it is causally related or a secondary consequence. 

Several experiments using mutations of DNA methyltransferases have shed light 
on the role of DNA methylation in gene silencing (39,40). Plant DNA methylation 
can occur at sites that are symmetric between the two strands of DNA, specifically 
the cytosine in cysteine guanine (CG) and CNG, or at nonsymmetric sites, typically 
any cytosine and adenine residue. Methyltransferases that methylate CG or CNG in- 
clude maintenance methyl-transferases that duplicate the methylation pattern of the 
template DNA strands into the newly synthesized strands of DNA during replication. 
These methyltransferases are important for heterochromatin formation after replica- 
tion. Recent reviews provide a more extensive compilation of mutants affecting DNA 
methylation that relate to silencing (39,40). The focus here is on the most thoroughly 
characterized mutant families. 

Inverted repeats in transgenes can be methylated by de novo methyltransferases; 
however, it may be that only inverted repeats that are transcribed are methylated (see 
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Fig. 1. RNA-dependent gene silencing: common mechanism for TGS and PTGS. Transcription 
of inverted repeats of the transcript coding region {left panel: thin arrows) and promoter region 
{right panel: thick arrows) generate double-strand RNA (dsRNA) that is digested by an RNase 
Ill-type of activity (DICER). The digestion of the promoter transcript may occur in the nucleus; 
the digestion of dsRNA of the coding region takes place in the cytoplasm or nucleus. Either the 
dsRNA or the small RNA products are thought to target methylation of the homologous genomic 
DNA. High levels of expression of a transgene or production of an aberrant RNA also trigger 
the synthesis of a dsRNA by an RNA-dependent RNA polymerase (RdRP) {left panel). The 
dsRNAs produced in the cytoplasm are digested by DICER to small interfering RNAs (siRNAs). 
siRNAs then bind to an RNA-induced silencing complex (RISC) and provide the sequence 
specificity of the RNase activity present in the RISC toward mRNAs homologous to the 
dsRNAs. 



Section 7). Such loci can silence homologous genes at difference loci. Once the silenc- 
ing locus is removed by segregation in progeny, silencing can remain (41). In contrast 
to methylation at both asymmetric and symmetric cytosines in the inverted copy of the 
transgene, the copies segregated from the silencing locus are only methylated at sym- 
metric cytosines, consistent with methylation by maintenance methyltransferases. This 
is in agreement with a study by Dieguez et al. (42 ), in which a 35S promoter (modified 
to remove all CGs and CNGs) could be silenced in trans, but the silenced state was not 
maintained in the progeny lacking the silencing copy of the promoter. 

The high sequence and structural similarities between prokaryotic and eukaryotic 
DNA methyltransferases allowed the isolation of the first plant DNA methyltransferase 
from Arabidopsis, METl (43). Inactivation of METl by antisense constructs resulted 
in pleotrophic effects (44,45). One of the most notable effects was alteration of 
homeotic gene expression, leading to an altered floral development pattern. After sev- 
eral generations of inbreeding, cytosine methylation was shown to decrease by up to 
90% in plants with reduced METl activity. Methylation of both repetitive and single- 
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copy genes was affected. Evidence suggests that METl methylates cytosines in the 
CpG sequence (44), although some data indicate that it may have a wider sequence 
specificity (40). When a mutated METl is segregated away, methylation is restored, 
but slowly. 

The role of METl in PTGS and TGS was recently investigated. Jones et al. (46) 
demonstrated that RNA-directed DNA methylation (RdDM) using a viral system (vi- 
ral-induced gene silencing) that carries DNA fragments of a region homologous to 
either the promoter or the coding sequence induced methylation in those respective 
areas of homology. Unlike PTGS, the TGS induced in those plants carrying the pro- 
moter fragment was inherited. If the METl gene was suppressed, methylation of the 
promoter was lost in subsequent generations. Although initiation of RdDM was inde- 
pendent of METl, maintenance of TGS was dependent on the METl gene product. 

Plants are unique in having a DNA methyltransferase that methylates CpNpG, 
CHROMOMETHYLASE 3 (CMT3). CMT3 belongs to a family of DN A-binding pro- 
teins characterized as having a chromodomain and often associated with heterochro- 
matin. Mutants of this gene were isolated in Arabidopsis (47,48) and showed reduced 
CpNpG methylation and reactivated expression of endogenous retrotransposon 
sequences. CMT3 mutants are morphologically and developmentally normal. 

4.1. Genes Other Than Methyltranferases Involved 
With DNA Methylation 

Mutants that have reduced methylation of genomic DNA in Arabidopsis were iden- 
tified by direct screening of plants with altered methylation of centromeric regions 
(49). These mutants, ddml (DNA demethylation 1), have retained as little as 30% of 
cytosine methylation found in wild-type plants. Interestingly, phenotypic changes are 
minimal in these mutants. Further characterization demonstrated that DNA methyl- 
transferase activity was not changed (50). Once isolated, the gene was shown to have 
homology to the SWI2/SNF2 family of proteins (51), which have an ATPase-depen- 
dent chromatin remodeling activity (52). 

BothDDMl mdMETl are necessary for maintenance ofTGS (53).lnmetl mutants, 
most, but not all, previously transcriptionally silenced transgenes are expressed. PTGS- 
silenced loci are differentially released from silencing in ddml and metl mutants (53). 
In a metl background, PTGS is inhibited in a stochastic manner and continues to be 
released during plant development, whereas in a ddml background, some plants show 
restoration of gene expression in F3 plants, but the level of PTGS is constant through- 
out development. This suggests that DDMl could be acting early in development or 
could be affecting establishment, but not maintenance, of PTGS. 

A gene was identified by Amedeo at el. (54) that releases transcriptional silencing of 
methylated genes, but does so without modifying the methylation sites or levels in the 
genes. This gene, known as the Morpheus molecule or moml gene, has sequence simi- 
larities to the SWI2/SNF2 family of proteins (52). Interestingly, moml mutant plants 
displayed no obvious abnormal phenotype, even after several generations of inbreed- 
ing. Silencing of loci that had been reactivated by moml mutants was restored immedi- 
ately after introduction of a wild- type MOM gene. 

In experiments using plants containing mutations in both the moml and ddml genes 
were tested for their effects on gene silencing, there was an additive or synergistic 
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effect of the combined mutants on expression of transgenes (55). Interestingly, the 
centromeric regions of the double mutants were characterized by apparent disintegra- 
tion of their organization and even a tendency to aggregate into a superheterochromatic 
structure. One explanation considered by the authors for the extreme phenotypes of the 
plants was that the functions of the two genes are complementary for normal chromatin 
structure and the maintenance of epigenetic states in plants. Alternatively, independent 
pathways for gene silencing with overlapping targets or a limited set of chromatin 
regions affected by the mom gene product, such as multicopy, inverted repeat regions 
may explain these results (56). 

4,2. De Novo Methyltransferases 

In addition to maintenance methylation activities, plants and other organisms have a 
second class of DNA methyltransferases that methylate DNA at each round of replica- 
tion. This activity, known as de novo methylation, can methylate DNA at both symmetri- 
cal and nonsymmetrical sites and does not require hemi-methylated DNA to direct where 
the methylation occurs. Based on homology with proteins serving similar functions in 
mice, plant genes have been isolated and shown to have de novo methylation activity. 

In an elegant set of experiments, Cao and Jacobsen (57,58) characterized what are 
likely the genes responsible for the most important de novo methylation activities in 
Arabidopsis. These two genes, DOMAINS REARRANGED METHYLASE 1 and 2 
(DRMl and DRM2) had previously been identified as having homology to the mam- 
malian Dnmt3 methyltransferases. Cao and Jacobsen Arabidopsis lines con- 

taining drml and drm2 mutants, singly or in combination, and used a cmt3 mutant 
together with drml drml double mutant lines. The double-homozygous drml drml 
lines were indistinguishable from wild-type Arabidopsis even after five generations of 
inbreeding. 

Cao and Jacobsen studied the de novo methylation of two Arabidopsis genes, FWA 
and Superman (SUP). The FWA gene contains a direct repeat that is normally methy- 
lated and silenced, but epigenetic variants have been isolated that are not methylated. 
The hypomethylation of these variants is stable. When transformed with a transgenic 
copy (57) of the gene, the fwa epigenetic variant becomes methylated by de novo me- 
thylation. In drml drml mutant lines, the fwa gene did not become methylated when 
using the FWA transformation protocol. Interestingly, when the nonmethylated epige- 
netic variants were outcrossed to lines wild type for the DRM genes, the FWA gene 
remained hypomethylated even in the presence of the transgenic copy. They found 
similar results with SUP, a homeotic gene, using a transgenic copy of the gene that 
contained an inverted repeat to initiate methylation and thus silencing of the native 
gene. The authors suggested that these results indicate that the de novo methylation of 
the DNA occurs prior to insertion of the gene into the genome or within the first gen- 
eration; hence, in the absence of the initial methylation event, methylation will not 
occur. Support that these genes are not involved with maintenance of methylation is 
that there is no change in the methylation pattern in drml drml plants after several 
generations of inbreeding. 

Cao and Jacobsen extended their initial study to include the cmt3 mutant and defined 
what context of cytosine sites (symmetric or asymmetric) are affected in the various 
mutant combinations (58). They found that, in some genes analyzed, drml drml 
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mutants lacked methylation at all asymmetric and CpNpG sites. The cmt3 eliminated 
some, but not all, methylation of CpNpG sites. In drml drm2 cmt3 plants, all methyla- 
tion was absent except at CpG sites. Although none of the drml , drml, or cmt3 mutants 
had any phenotypic changes from wild- type plants, the triple mutants showed develop- 
mental retardation, reduced plant size, and partial sterility. Together, these results sug- 
gest that the DRM and CMT3 genes act redundantly during development. Based on 
sequence specificity and types of phenotypic changes seen in mutant plants, these genes 
are likely to affect a different set of genes or DNA than the DDMl and METl genes. 

4.3. Chromatin-Related Changes Associated With Gene Silencing 

Data from the yeast Schizosaccharomyces pombe suggest a relationship between 
RNA-dependent silencing and chromatin structure (59). The formation of silent chro- 
matin requires histone H3 to be deacetylated and then methylated on lysine 9. Hetero- 
chromatin protein 1 binds to the methylated lysine 9 residue. Methylation of DNA then 
converts the chromatin into a silenced state. It was found that disruption of RNA- 
dependent gene silencing reduces methylation of lysine 9. One possible explanation is 
that dsRNAs may facilitate Clr4 histone H3 methylase via its chromodomain to bind to 
homologous DNA and methylate histone H3 lysine 9. 

4.4. Use of Mutations Affecting DNA Methylation 

The pattern emerging in studies of DNA methylation in plants is that the proteins 
that influence methylation have overlapping and redundant specificities. To understand 
gene silencing fully, mutants or methods of down-regulation of key genes involved 
with methylation need to be used singly and in combination with others. The use of 
some gene mutants, such as moml, may restore gene expression of a silenced gene and 
may be phenotypically neutral. Further work will be necessary to show if this would be 
a viable approach to limit TGS or PTGS. Importantly, this gene or other genes alone 
would not necessarily work with all transgenes. 

One approach for using multiple mutants having serious long-term detrimental 
effects when expressed in whole plants would be to express the mutant phenotypes in a 
tissue or developmentally specific manner. In the case of TGS, it would most likely be 
simpler to produce transgenic events that lack DNA structures prone to activate methy- 
lation, such as inverted repeats. 

5. Suppressors of Silencing 

PTGS is postulated to have arisen as a defense mechanism against viruses and 
transposons. Many viruses have evolved repression mechanisms to prevent or reduce 
PTGS; in many cases, these mechanisms allow infection by a broad range of viruses 
when PTGS has been inactivated (60-64). The best studied viral-encoded repressors 
are helper component-proteinase (HC-Pro) from potyviruses (65-67), PVX p25 from 
potato virus X (68), CMV 2b from cucumber mosaic virus (66), and pl9 from 
tombusviruses (69,70). Another repressor activity is a plant-derived calmodulin pro- 
tein rgs-CaM (71 ), which was discovered because of its interaction with HC-Pro. 

HC-Pro prevents or reverses both transgene-induced and virus-induced silencing 
(65) and thereby acts at steps of the PTGS process in common between these two 
pathways of silencing. Studies have demonstrated that HC-Pro prevents accumulation 
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of siRNAs, but has no effect on mobilization of the silencing signal or DNA methyla- 
tion (72,73). Possible mechanisms of how HC-Pro reduces silencing include (1) pre- 
venting DICER from binding to dsRNA; (2) preventing cleavage of the dsRNA by 
DICER; or (3) interfering with incorporation of the siRNAs into RISC, making the 
siRNAs unstable (72). Interestingly, HC-Pro has no effect on TGS (74), even if the 
TGS results from transcription of inverted copies of promoter sequences (75). This 
apparent contradiction is explained if the dsRNA produced by the transcript of a pro- 
moter region remains in the nucleus and is degraded to small RNAs (smRNAS) (75), 
possibly by a gene similar to DICER, such as the CARPEL FACTORY (CAE) gene 
from Arabidopsis (35). In this way, the cytoplasmically located HC-Pro would never 
interact with the components responsible for TGS. 

The repressors CMV 2b, PVX p25, and pl9 target different parts of the PTGS pro- 
cess than HC-Pro. Although CMV 2b was suggested to interfere with PTGS initiation 
in new growth in infected plants (66,76), studies showed that it inhibits spread of the 
silencing signal (77). Although other alternatives are possible, the most likely mecha- 
nism for CMV 2b inhibition of PTGS is that it interacts with the silencing signal 
directly. Interestingly, the protein has a nuclear targeting signal that may be important 
for its inhibition of reinitiation of genomic DNA methylation at each generation. 

PVX p25, although not as successful as HC-Pro in reducing silencing, prevents the 
spread of the systemic silencing signal (68). The effectiveness of a viral infection 
depends on the relative speed of viral spread and transport of the silencing signal (60). 
If the silencing signal precedes the virus into uninfected cells, the viral infection is 
attenuated. Hence, the effectiveness of silencing suppressors that limit the systemic 
silencing signal depends on the rate of spread of the signal relative to the availability of 
the suppressor. 

pl9 also was characterized as involved with suppression of the movement of the 
systemic silencing signal (69), but plants expressing the protein showed altered mor- 
phology (70). This protein was shown to bind to two nucleotide overhangs of 21-23 
nucleotide siRNAs. Interestingly, when used in Agrobacterium coinfection experi- 
ments, pl9 enhanced expression of a reporter gene more efficiently than p25, 2b, or 
HC-Pro (78). 

5 . 1. Strategies for Using Siiencing Repressors in Transgenic Piants 

The primary value of silencing repressors is to allow the production of very high 
levels of protein. This includes transgenic events containing genes of interest that are 
expressed from a strong promoter or, alternatively, viral-based expression systems in 
which very high levels of mRNA or virus RNA are made. Based on currently available 
information, HC-Pro appears to be the best candidate for preventing silencing because 
it is independent of the upstream initiator of silencing (transgene or virus). However, 
overexpression of HC-Pro or rgs-CaM results in abnormal growth of plants (65). A 
mutated form of HC-Pro has been identified that has significantly reduced phenotypic 
effects (79). If used in whole plants, the expression of native HC-Pro should be limited 
temporally or spatially to prevent detrimental effects. 

Overexpression of rgs-CaM is an option with similar benefits and limitations of Hc- 
Pro, but the gene may act in a host plant- specific manner. CMV 2b, pi 9, and PVX p25 
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could also be of some benefit, depending on the specific gene, its expression pattern, 
and host plant. CMV 2b reduced, but did not eliminate, silencing in plants in which it 
was coexpressed with a silencing transgene (77). 

6. Mutations of Genes Involved in Silencing 

Screens for mutants of proteins involved with PTGS were undertaken in the labora- 
tories of Vaucheret (33,80) and Baulcombe (32). This work identified key genes 
involved with PTGS of transgenes and one gene involved with PTGS of both transgenes 
and virus-induced silencing. The screens did not lead to the isolation of genes respon- 
sible for several activities known to be important for PTGS. The Vaucheret laboratory 
used ethyl methylsulfonate (EMS) mutagenesis of plants containing a direct repeat of a 
reporter gene that was silenced at a high frequency. Three genetic loci were identified 
with various numbers of alleles for each. In the presence of these mutant backgrounds, 
coined sgs (suppressor of gene silencing), a reporter gene was not silenced and con- 
tained a lower level of methylation. A fourth class of genes, ago, is related to PAZ/ 
PIWI proteins, and most alleles displayed significant developmental abnormalities and 
were sterile (81). A few alleles, referred to as hypomorphic agol mutants, were ob- 
tained that reduced PTGS, but lacked the same level of structural abnormalities. 

The screen carried out in the Baulcombe laboratory used a line carrying two 
transgenic inserts, which were partially silenced when present individually, but when 
together, were severely silenced (32). One insert expressed a replicating virus that 
coded for a reporter gene. The second insert contained a transgenic cassette that 
expressed the same reporter gene using a strong constitutive promoter. Four comple- 
mentation groups of silencing defective (sde) mutants were found, none of which dis- 
played any observable differences from wild-type plants. The first two classes, sdel 
and sde2, reversed PTGS completely; the third (sde3) was effective in restoring 
expression in true leaves and flowers, but not tissues developed earlier in plant growth 
(cotyledons) and hypocotyls. Plants from all classes of sde mutants lack DNA methyla- 
tion associated with PTGS and have a reduced level of siRNAs. 

Progress has been made recently in elucidating the function of some of the genes 
identified in the mutant screens. The genes corresponding to the SDEl and SGS2 loci 
were isolated and were the same gene (32,33). The coding sequence was highly 
homologous to genes encoding RdRP from several organisms. Interestingly, mutants 
of this gene completely inhibit PTGS of transgenes, but not silencing caused by viral 
infections. The lack of a requirement of this activity by viruses is explained by the fact 
that their genomes contain their own RdRP. RdRP activity for transgene PTGS con- 
verts single-strand mRNA (presumably aberrant in some way) into the dsRNA that 
initiates PTGS. It has been postulated that the siRNAs that are the end product of PTGS 
can serve as primers for dsRNA synthesis of all homologous mRNAs (32). Thus, once 
initiated, a self-propagating cycle can quickly reduce cytoplasmic RNA levels of the 
affected mRNA. 

A second gene that may also be important for dsRNA synthesis is the product of the 
SDE3 gene (82 ). This gene has homology to RNA helicases. Similar to the SDEl locus, 
mutants of this gene preferentially affect PTGS of transgenes. How an RNA helicase 
activity is used in the PTGS process is not known at present. One proposal is that the 
RNA helicase is important for converting aberrant single-strand RNA into dsRNA (82). 
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It is not clear if any plants bearing mutations equivalent to those described here 
could be used to reduce transgene-induced PTGS in whole plants. Although they are 
critical to transgene-induced PTGS, the sdel , sde3, and sgs3 mutants are more suscep- 
tible to some, but not all, viruses, suggesting different mechanisms of virus defense 
(32,33,82). The use of these mutations will be dependent on the plant host and the 
particular viruses that infect the host. 

7. rrans-Silencing; Phenomenon and Features That Contribute 
to the Trans-Silencing Capability of a Locus 

Trans-silcncing is a phenomenon in which a silenced locus inactivates an unlinked 
target locus with which it shares sequence homology (10,83). Homology of promoter 
sequences leads to TGS, whereas homology in coding regions leads to PTGS. A grow- 
ing body of evidence regarding TGS indicates that silencing and methylation of a 
target locus in the presence of a stably methylated silencing locus relies on a promoter 
sequence-specific signal that originates at the silencing locus and directs de novo 
methylation of homologous promoter(s) at the target locus. 

Such a signal could be the result of a DNA-DNA pairing or RNA-DNA interaction. 
Although DNA-DNA pairing as a mechanism to initiate inactivation or to impose a 
silencing state from one sequence to the other has been well documented in the fila- 
mentous fungus Ascobolus immersus (84), currently very few studies exist that suggest 
such a possibility in higher plants (85). To date, no direct evidence has been obtained 
demonstrating the physical existence of DNA-DNA pairing because of a dearth of 
suitable techniques (10). 

Matzke et al. (85) designed an experimental system in transgenic tobacco to mimic 
transvection-like phenomenon known in Drosophila for DNA-DNA interaction. It was 
observed that a transgene locus capable of pairing, as revealed by rra«5'-activation of a 
hetero allele, could also be inactivated. Although the transgene locus tested in this 
study was complex and contained inverted repeat, no siRNAs were detected. It is not 
known whether the siRNA concentration was too low to be detected or not present. If, 
indeed, it can be conclusively demonstrated that no siRNAs are made in this system of 
silencing, this would suggest the existence of DNA-DNA interactions. 

The possibility that DNA-RNA interaction could induce de novo methylation of 
plant nuclear genes was first suggested by Wassenegger et al. (86), by which nuclear 
cyclic DNA copies of a viroid (a plant pathogen that contains an untranslated, highly 
base-paired RNA molecule as the sole genetic material) became methylated only dur- 
ing replication. This work suggested that, because the replicating viroid was restricted 
to the nucleus, it somehow interacted with the corresponding “homologous” chromo- 
somal DNA copies and triggered methylation. 

During this time, parallel research efforts in posttranscriptional inactivation mecha- 
nisms have unequivocally demonstrated the existence and the crucial role of siRNAs 
corresponding to coding regions in establishing PTGS (87). Because promoter homol- 
ogy is required for TGS and coding region homology is essential for PTGS, in light of 
Wassenegger’ s results, it was hypothesized that, for an RNA molecule to be involved 
in promoter homology-dependent gene silencing, promoter sequences at a silencing 
locus need to be transcribed. 
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The hypothesis that promoter- specific RNA is crucial for setting up transcriptional 
silencing was further strengthened by results from Park et al. (88), who demonstrated 
that a locus that became methylated and silenced following interaction with a silencing 
locus failed, in turn, to act as a silencing locus. Dieguez et al. (89) also demonstrated 
that cytosine methylation at symmetrical CG and CNG sites is required for the mainte- 
nance, but not for the establishment, of TGS in plants. 

Based on these studies it became apparent that methylation itself is not sufficient for 
inducing fra^^-silencing, and that another molecule, perhaps an RNA, is needed for its 
establishment. As discussed next, convincing evidence for the involvement of RNA in 
TGS was provided by Mette et al. (36,37) and Sijen et al. (38), who intentionally tran- 
scribed promoter sequences in transgenic plants and showed that the targets containing 
homologous promoter sequences are silenced in the presence of transcribed RNAs. 

Mette et al. (37) demonstrated the involvement of RdDM in TGS by using nopaline 
synthase promoter (NOSpro) sequences intentionally transcribed by the cauliflower 
mosaic virus 35S promoter to produce NOSpro RNAs. In one transgenic tobacco line, a 
nonpolyadenylated NOSpro RNA that deviated from the expected size was able to induce 
methylation and transcriptional inactivation of homologous NOSpro copies in trans. 

To confirm that this aberrant NOSpro RNA was required for the TGS, Mette et al. 
(37) introduced the 271 locus (90), a general suppressor of 35S promoters, to suppress 
the 35S promoter, thereby hindering the synthesis of NOS RNAs. This resulted in the 
alleviation of silencing and reduced methylation of target NOSpro, providing further 
evidence that NOS RNA initiated the silencing process. 

Follow-up studies by Mette et al. (36) demonstrated the presence of dsRNA corre- 
sponding to NOSpro and their approximately 23 nt cleavage products. They have also 
shown that de novo methylation of the target promoter affected by TGS can be trig- 
gered by a dsRNA containing the promoter sequences. These and other studies (91) 
concluded that RNA hairpins transcribed from inverted DNA repeats were most effec- 
tive as trans-acting signals in establishing TGS. 

Sijen et al. (38) conducted similar studies investigating the role of both promoter 
and coding region repeats in instigating TGS and PTGS, respectively. By targeting 
flower pigmentation genes in petunia, they demonstrated that transgenes expressing 
dsRNA corresponding to coding regions can induce PTGS, whereas expression of 
dsRNA corresponding to promoter sequences can cause TGS. Silencing was accompa- 
nied by the methylation of sequences homologous to dsRNA in both TGS and PTGS, 
suggesting that TGS and PTGS are mechanistically related. 

De Buck et al. (92) and De Buck and Depicker (93,94) analyzed the correlation between 
transgene silencing and the presence of inverted repeats in Arabidopsis using an inverted 
or single copy of (3 glucuronidase (GUS) reporter gene. In transformants in which GUS 
genes were present as inverted repeats separated by a 732-bp palindromic sequence spacer, 
GUS expression was significantly reduced, and the locus was heavily methylated. This 
locus could also induce silencing of both allelic and nonallelic copies of the GUS gene. In 
contrast, GUS expression in transformants containing two inverted repeats of GUS gene 
separated by an 826-bp nonrepetitive spacer remained high, suggesting the importance of 
spacer regions in facilitating the formation of dsRNAs necessary for initiating and main- 
taining silencing. Removal of one of the copies from the inverted GUS repeat locus using 
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the Cre recombinase system restored consistently high expression in both hemi- and ho- 
mozygous states and a decrease in GUS gene methylation. 

8. Susceptibility of Loci to Trans-SWencing 

A comparison of a silencing-susceptible locus and a resistant locus provided some 
clues as to the propensity for silencing (95). Not all loci are equally susceptible to 
fran^-silencing. Although it is very difficult to understand all of the critical chromo- 
some interactions involved with silencing, one locus that was resistant to tranx-silenc- 
ing contained a simple structure and was embedded in a stretch of flanking plant DNA 
that lacked repetitive sequences and transposable elements (TEs). 

9. Transgene Expression and Insertion Site Characteristics 

There is a growing body of evidence indicating that not all transgene loci containing 
repeats become silenced, and repetition per se is not always sufficient to induce methy- 
lation. These data and the demonstration that dsRNA and short siRNAs are responsible 
for silencing are contributing to the emerging theme that repeats, especially inverted 
repeats, that could potentially be transcribed are most efficient in establishing silenc- 
ing. An analysis of 12 distinct transgene loci uncovered several “extrinsic” flanking 
sequence motifs, such as tandem repeats, retroelement remnants, microsatellites, ma- 
trix attachment regions, and the like that could have various effects on transgene 
expression (reviewed in ref. 95). Similarly, “intrinsic” features of transgene loci that 
appear to promote instability and methylation included bacterial vector sequences that 
link transgene DNA with plant DNA. These observations suggest that the more closely 
transgene loci resemble transposons, repetitive elements, and the like of internal or 
external origin, the higher their susceptibility for silencing. 

An analysis of PTGS (91) revealed that the three most common situations in which 
PTGS is triggered are (1) single copy of a “sense” transgene transcribed at high level; 
(2) loci consisting of an inverted repeat of a sense transgene transcribed at low level or 
of a promoterless transgene; and (3) loci consisting of a single copy of transgene carry- 
ing internal inverted repeats. Thus, inverted repeats capable of transcription are the most 
common anomalous features directly associated with a majority of TGS and PTGS cases. 
The possibility that complex loci that are not capable of forming dsRNA but still are 
silenced (perhaps because of the insertion in a heterochromatic region or because of the 
de novo heterochromatinization of the locus) still exists, but needs further study. Chro- 
matin configuration is one of the two mechanisms of epigenetic inheritance at the chro- 
mosomal level; the other is methylation (1). Conventional wisdom would suggest, 
however, that transgene loci that are less complex and are devoid of inverted repeats 
have less risk of silencing, provided they integrate into a “good” chromosomal location. 

Suppression of an unwanted gene or element could be achieved at the transcriptional 
level through TGS without the need for posttranscriptional inactivation mechanisms. 
However, both TGS and PTGS exist in the systems studied so far. It has been proposed 
that TGS has evolved to control the copy number of TEs and retroviruses indirectly, 
whereas PTGS has been in place to protect against viruses and overproduction of indi- 
vidual RNAs (4). Thus, it is possible that the more complex a locus is, the more it 
resembles TEs and other repeat structures perceived as foreign or deleterious by the 
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genome and are perhaps targeted for silencing by genome intruder scanning and modu- 
lation systems ( 6 ). 

10. Conclusions 

Plants have evolved sophisticated mechanisms to fend off foreign genes. Although 
not initially appreciated, the impact of gene silencing has made product development 
considerably more time consuming and expensive. From the discussion in this chapter, 
the most important lesson learned is the need to produce low copy, minimally rear- 
ranged transgenic insertions. Beyond that, depending on the specific use of the 
transgenic plant materials, other approaches may be valuable. In particular, the use of 
mutants of genes involved with the gene-silencing process or suppressors of PTGS has 
the most potential. None of these appear to be a panacea for all potential needs or uses. 
Many uses will depend on the characteristics of the particular gene in the genetic back- 
ground of interest and the growing conditions of the crop. 
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Value Creation and Capture With Transgenic Plants 



William F. Goure 



1. Introduction 

The aim of this chapter is not to review the many different transgenic crop products 
in development in academic and industrial laboratories throughout the world. These 
are adequately described in published reviews and literature articles and on Internet 
Web sites (1). The following three Internet Web sites are good sources of reviews on 
agricultural biotechnology products in the market and in development: Biotechnology 
Industry Organization, www.bio.org/foodag/; Agbios, www.agbios.com; Ag Biotech 
Infonet, www.biotech-info.net/. The Web site of the Animal Health and Inspection 
Service of the US Department of Agriculture (USDA) (http://www.aphis.usda.gov/ 
bbep/bp/status.html) provides a listing of many agricultural biotechnology products 
currently in development. Transgenic crops for the production of pharmaceutical prod- 
ucts have also been reported in published reviews (2) and are not discussed here. This 
chapter also does not review the commercialization history of those transgenic crop 
products commercialized to date. 

Instead, the aim of this chapter is to discuss the prospective challenges and opportu- 
nities regarding commercialization of the next generation of transgenic crops for the 
production of food, feed, and fiber. This discussion is organized to address the three 
fundamental issues associated with the commercialization of any new product: how 
much value is created, how much value is captured, and how the value is delivered to 
the marketplace. Although these issues seem simple, in reality they are very complex, 
and many products in development fail to reach the market, or fail in the market, 
because one or more of these fundamental issues was not adequately addressed or un- 
derstood prior to commercialization. This is particularly the case for products such as 
transgenic crop products, which often result because of a “technology push” vs a “mar- 
ket pull.” 

A number of rigorous evaluations of future trends in agricultural demand and the 
impact of such demand on production have been completed {3-5; see also http:// 
www.fertilizer.org/ifa/statistics/indicators/pocket_requirements.asp). The main conclu- 
sions of these studies can be summarized as follows: 
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1. Demand for cereals will double by 2020. Demand for corn, driven primarily by the 
increased demand for meat, will increase much faster than the demand for other cereals. 

2. To meet demand, a 40% increase in grain production by 2020 is needed. Of the increased 
production, 80% will come from increased crop yields, whereas only 20% will come from 
an increase in cultivated land. 

3. Most of the increased demand for food will occur in developing countries. The primary 
factors driving the increased food demand will be population growth, rising incomes, and 
urbanization. 

4. Net cereal imports by developing countries will double by 2020. 

5. About 60% of the developing world’s cereal imports will come from the United States, 
which is expected to increase net cereal exports to developing countries by over 33% to 
approximately 114 million metric tons by 2020. 

6. Food prices will remain steady or decrease slightly between 1995 and 2020. 

Because of these trends, agriculture is faced with some very interesting opportuni- 
ties and very difficult challenges. On one hand, farmers will find expanding markets 
for their products. However, to satisfy this growth in demand, they will need to increase 
production significantly without increasing arable land. Moreover, because commod- 
ity grain prices are not expected to rise significantly, to remain economically viable, 
farmers must increase productivity without increasing overall costs. For farmers in 
developed countries, increasing productivity without increasing costs will also be ne- 
cessitated by increased agricultural production in developing countries, where land and 
labor costs will be lower. 

Regardless of the crop grown, major production expenditures fall into four main 
categories: 

1. Input costs for seeds, fertilizers, and pesticides. 

2. Labor costs. 

3. Equipment ownership, operation, and maintenance costs. 

4. The cost of land. 

Labor and equipment costs are very difficult to reduce because a reduction in one is 
often caused by, or leads to, an increase in the other ( 6 ). In addition, increased farm 
sizes ( 7 ), decreased availability of farm labor ( 2 ), and increased use of chemicals ( 2 ) 
will prevent significant reductions in equipment costs. The cost of land is likely to 
increase because of continued urbanization and an increase in the productive value of 
high-quality farmland. Thus, for farmers to improve the economic viability of farming, 
they must increase productivity while reducing input costs for seeds, fertilizers, or pes- 
ticides. Genetically enhanced transgenic crops can be powerful tools to help farmers 
meet these challenges. 

It has been less than a decade since Flavr-Savr^M tomatoes, the first transgenic crop 
in the United States, was registered for commercialization ( 8 ). Since 1996, when 
transgenic soybeans, cotton, corn, and canola were first commercialized, global crop 
area planted with transgenic crops has grown at a sustained rate of greater than 10% per 
year to almost 59 million hectares in 16 countries in 2002 ( 9 ). This rate of growth has 
been touted as one of the highest for any technology in agriculture, using hybrid com 
for the comparison ( 10 ). The compounded annual growth rate for the global area planted 
to transgenic crops for the period 1996 to 2002 was approximately 7%. For the United 
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States, which has the largest acreage of transgenic crops, the compounded annual 
growth rate for planted acres for the period 1996 to 2002 was also almost 1% (11). 

Although the market growth of transgenic crops has been impressive, it has been 
small in comparison to the adoption of farm tractors, which fundamentally changed 
farming practices. Between 1928 and 1960, the compounded annual growth rate for the 
number of farm tractors in the United States was approximately \S% (12). 

It is also important to note that two countries, the United States and Argentina, 
account for 89% of global transgenic crop acreage; most of this acreage is because of 
transgenic soybeans (11). Thus, the market growth of transgenic crops, although sig- 
nificant, has not been as great as hoped by proponents of the technology. 

2. Creating Value 

The cost and time to discover, develop, and commercialize a transgenic crop is re- 
ported to be $50-300 million and take 6-12 years (13). Furthermore, only approxi- 
mately 1 gene or trait becomes a commercial product for every 250 that are investigated 
in the discovery process. These cost, time, and frequency of success numbers have 
profound implications on value creation considerations. Table 1 shows the results of a 
net present value determination for a hypothetical new transgenic com product that has 
the market penetration and value comparable to Bacillus thuringiensis (Bt) com. Tables 
2 and 3 show the affect of the cost and time to develop and commercialize this hypo- 
thetical transgenic com product and the trait premium on the net present value of the 
product. Tables 4-6 display the same type of information for a hypothetical new 
transgenic soybean product that is comparable to Roundup Ready® (Monsanto Com- 
pany) soybeans with respect to value and market penetration. 

These analyses reveal a number of key points regarding the value amount that must 
be created by a new transgenic crop product to justify the costs and time needed for its 
development and commercialization. 

1 . The total value created by the product will typically have to exceed $500 million per year. 

2. The minimum gross annual revenues at peak sales for the trait provider should be in the 
range $175-200 million. 

3. Products with total discovery, development, and commercialization costs exceeding $125 
million that take over 12 years to bring to market in most cases will fail to provide an 
acceptable return on investment and in many cases will have a negative net present value. 

4. A trait with high acreage penetration and moderate value creation will generally provide a 
better return on investment than a product with small acreage penetration but high value 
creation per acre. For example, the trait premium for the hypothetical com product in 
Table 1 is $8.50 per acre, or 30% greater than the trait premium of $6.50 for the hypotheti- 
cal soybean product in Table 4. However, because the soybean product is planted on 58.6 
million acres at maturity compared to 30.2 million acres for the com product, the soy 
product has an estimated net present value that is over 50% greater than that of the com 
product. 

Relatively few transgenic crop product concepts can achieve these high hurdle rates 
for value creation. Table 7 shows the estimated value created by a range of product 
concepts for com, soybeans, cotton, and wheat. Four of the possible product concepts 
fail to achieve the value creation hurdle of $500 million per year, even though several 




Table 1 

Discounted Cash Flow Calculation for a Hypothetical New Transgenic Corn Product 

Key Assumptions 

GM trait premium ($ per acre) $8.50 

SG&A costs" 10% 
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Table 4 

Discounted Cash Flow Calculation for a Hypothetical New Transgenic Soybean Product 

Key Assumptions 

GM trait premium ($ per acre) $6.50 

SG&A costs" 10% 
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^Percentage of gross trait premium. 

^Average of prospective farmgate prices of US soybeans based on FAPRI 2003 data (JJ). 

^ Based on FAPRI 2003 data fJJ). 

‘^Based on the market penetration of GM soybeans in US for the period 1996 to 2003 (JJ). 




Table 5 

Effect of Time and Cost to Develop a New Transgenic Soybean Product on the Net Present Value of the 
Discounted Cash Fiow of the Net Trait Provider’s Revenues ($ million)^ 
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""For these values, all assumptions in Table 4 are fixed except the years to develop and commercialize the trait and the total cost to develop 
and commercialize the trait. Values in parenthesis are negative net present values. 
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"^For these values, all assumptions in Table 4 are fixed except the amount of the trait fee and the total cost to develop and commercialize 
the trait. Values in parenthesis are negative net present values. 




Table 7 

Estimated Value Creation for Various Transgenic Corn, Soybean, and Cotton Products 

Estimated Gross Value per 
Year 
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"In general, values were estimated for US acres only because of opposition to genetically modified crops in Europe 
and Brazil and the difficulties of capturing value from genetically modified crops in Asia and Latin America. 

^From original ref. 18 . 
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have been the subjects of intense research efforts. For example, transgenic products 
that would completely protect US cotton against pathogen losses or increase cotton 
yields by 5% fail to achieve the value creation hurdle rate that would justify an expen- 
diture of $50 million and at least 6 years of research and development to bring the 
technologies to market. 

It is important to note that the estimated value created by the transgenic crop prod- 
ucts listed in Table 7 is the total value that could be created and not necessarily the 
actual value creation that would be achieved commercially. For example, high-oil com 
was estimated in 1999 to have a total value creation potential of $820 million per year 
(16). However, total acres of high-oil com have steadily declined, from a high of ap- 
proximately 900,000 acres in 1998 to 500,000 acres in 2002, with an estimated total 
value of only approx $20 million (17). This clearly illustrates the importance of distin- 
guishing between the hypothetical value that can be created by a particular technology 
and the actual value that can be created in a competitive marketplace. 

2. 1. Input Traits 

Input traits are the focus of most current research efforts for the development of new 
genetically modified (GM) crops. In the United States, which accounts for over 70% of 
all global experimental field releases of GM plants (18), 68% of the trials have been 
focused on input traits for the control of pests (Fig. 1) (19). Herbicide tolerance and 
insect resistance accounted for 26 and 25%, respectively, of the total field releases. 
Viral, fungal, bacterial, and nematode resistance accounted for 11% of the total field 
releases. In the European Union, approximately 60% of experimental releases were for 
herbicide tolerance, and about 16% and 7%, respectively, were for insect resistance 
and virus resistance. 

The differences between the types of traits that were the focus of field trials in the 
United States and Europe undoubtedly reflect differences in commercial needs between 
the two regions. Nonetheless, herbicide tolerance, insect resistance, and protection 
against pathogens are the major focus of research and development efforts directed 
toward new GM crops. Although this focus is influenced to some extent by the avail- 
able technology, such as glyphosate tolerance and fit-derived insect tolerance, it is also 
strongly influenced by the significant unmet agricultural needs for better tools and 
technologies to control losses caused by pests. 

2.1.1. Pest Protection Products 

Figure 2 shows the economic losses caused by various pests to major agronomic 
crops (15). It has been estimated that 42% of total attainable production of eight major 
crops (rice, wheat, com, potatoes, cotton, soybeans, barley, and coffee) are lost to 
insects, diseases, and weeds, which cause 16, 13, and 13% production losses, respec- 
tively. The global economic value of the lost production for these eight crops caused by 
pests is estimated as $250 billion annually. Total global economic losses for all crops 
because of insects, diseases, and weeds are estimated to be as high as $500 billion 
annually. Because of the significant and clearly defined economic value of crop losses 
caused by insects, diseases, and weeds, development of biotechnology products to pro- 
tect crops against these pests will continue to be a dominant focus of transgenic crop 
research and development efforts. 
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Herbicide Tolerance 
Insect Resistance 
Product Quality 
Virus Resistance 
Agronomic Traits 
Fungal Resistance 
Other 
Marker Gene 
Bacterial Resistance 



H 3005 (26 %) 
I 2790 (25 %) 



17%) 

11217(11 %) 

I 754 (7 %) 

I 591 (5 %) 

1 474 (4 %) 

^■431 (4%) 

1 102(1 %) 

Nematode Resistance 12(0 %) 




Fig. 1. Total number of approved US field releases since 1987 by phenotype category. 




Fig. 2. Economic losses caused by various pests to major agronomic crops. 



2.1.2. Drought Tolerance Products 

Examination of the categories of phenotypes listed in the USDA database of field 
trial notifications and release permits reveals that general yield increases and drought, 
salt, and environmental stress tolerances are the other major input traits that are the 
focus of research and development efforts ( 19 ). 
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5 ( 1 , 




Fig. 3. Number of years between 1896 and 1995 that US corn-producing regions suffered from 
severe or extreme drought greater than 25, 33, or 50% of the year. 



The value creation of general yield increases is readily determined by simply multi- 
plying the percentage increase in yield on a per unit basis by the value of a unit of 
production. However, in contrast to the clear value creation potential for protection 
against pests and general yield increases, there is a paucity of quantitative data regard- 
ing value creation potential for tolerance to environmental stresses such as drought. 
Nonetheless, there is no doubt that drought losses have a significant economic impact 
on agriculture. 

According to data provided by the USDA and the National Oceanographic and At- 
mospheric Administration, between 1896 and 1995, there were 25 to 33% of major US 
com production areas that suffered from severe or extreme drought greater than 25% of 
the time (see Fig. 3) (20,21)- More detailed analysis of drought data compiled by the 
National Weather Service showed that, for 26 of the 44 years between 1960 and 2003, 
significant regions of US com production suffered drought conditions (20,22). These 
data provide qualitative evidence of crop yield losses because of drought in the United 
States. However, the data do not provide quantitative information regarding the eco- 
nomic magnitude of the losses, which is needed to assess the potential value of drought 
tolerance technology. 

By correlating Palmer Drought Severity Index data compiled by the USDA (23) 
with US com production areas (24) and comparing differences in USDA yield data 
(25) for years of severe or extreme drought to preceding or succeeding years without 
drought, a semiquantitative estimate of economic losses caused by severe or extreme 
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Fig. 4. Estimated economic losses in com, soybeans, alfalfa, and cotton in the United States 
caused by severe or extreme drought. 




Fig. 5. Estimated economic losses in sorghum, peanuts, barley, spring wheat, and winter 
wheat in the United States caused by severe or extreme drought. 



droughts can be determined (see Figs. 4 to 6 and Table 8). This analysis suggests crop 
losses averaging over $1 billion annually in the United States. 

However, these estimates undoubtedly underestimate the actual losses caused by 
drought because they only consider losses caused by severe or extreme drought. For 
example, com is particularly sensitive to drought damage, with yield losses of 5 to 50% 
caused by only four consecutive days of visible wilting (26). Thus, even in years when 
the crop is not subject to severe or extreme droughts, yield losses likely occur because 
of moisture deprivation. 

Based on available US government data, it is possible to gain more quantitative 
determinations of the economic losses in various crops because of drought. By corre- 
lating historical monthly Palmer Drought Severity Index data for different geographic 
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Fig. 6. Estimated cumulative economic losses in major US row crops caused by severe or 
extreme drought. 



regions with crop production data for those regions, it is possible to gain a rather accu- 
rate estimate of the economic losses caused by mild droughts (27) and thereby estimate 
total value creation potential of drought tolerance technology. 

Thus, for example, by comparing the difference in com yield data for 1990 in Iowa 
climatic divisions 1, 7, and 9 (see Fig. 7), which were moisture stressed during part of 
the critical July-to- August silking period, with yield data for the other divisions, which 
were not moisture stressed, it is possible to gain accurate estimates of the economic 
losses for com caused by moisture stress. Figure 8 shows similar data for 1995. By 
conducting such analysis for all major corn-producing states over a 5- or 10-year period, 
it is possible to gain an accurate estimate of the total annual economic losses for com 
caused by moisture deprivation. Although such an analysis would be very time con- 
suming to conduct, it is highly recommended for any company seeking to invest over 
$50 million and 6 years of research and development to develop and commercialize a 
transgenic drought tolerance product. 

2 A. 3. Reduced Fertilizer Use Products 

About 50% of the world’s cropland is devoted to growing cereals (e.g., wheat, rice, 
com, barley, etc.), which account for approx 70% of all human caloric intake (28). 

For most crops, expenditures for fertilizers are the largest variable costs of produc- 
tion (29-32). For cereals, and essentially all nonlegume crops, nitrogen is the major 
fertilizer nutrient based on both weight and costs. For example, in the United States in 
1999, total fertilizer usage of nitrogen, phosphoms, and potash was, respectively, 12.4, 
4.3, and 5 million nutrient tons (33). The costs for these nutrients were $5.2, $1.1, and 
$0.7 billion dollars, respectively. (These costs were calculated based on costs per pound 
for nitrogen, phosphate, and potash of $0.21, $0.25, and $0.13, respectively; see ref. 
28.) The United States is second only to China in total usage of fertilizers and accounts 
for over 15% of total global fertilizer consumption (34). 



278 



Goure 



Climatic Divisions for Iowa 
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Fig. 7. Example of historical monthly Palmer Drought Severity Index data for Iowa for 1990. 
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Climatic Divisions for Iowa 
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Fig. 8. Example of historical monthly Palmer Drought Severity Index data for Iowa for 1995. 
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Worldwide, cereal production consumes approximately 65% of the total fertilizers ap- 
plied and 70% of the total nitrogen fertilizers applied ( 35 ). Com production is the largest 
user of fertilizers in the United States and consumes over 45% of total fertilizers used 
( 36 ). Of the com grown in the United States, 98% receives fertilizer applications ( 35 ). 
Excluding application costs, US com producers spend approximately $2.3 billion each 
year for nitrogen, $528 million for phosphate, and $350 million for potash fertilizers. 

New transgenic crop technology that reduces nitrogen fertilizer applications in com 
by as little as 25%, although still allowing a grower to achieve normal production, 
would result in value creation estimated as $100-250 million annually in the United 
States alone based on reduced expenditures for nitrogen fertilizers. 

Technology that reduces application rates of nitrogen fertilizers would also have 
significant environmental and societal benefits. Although there is debate regarding the 
exact magnitude of the impact of nitrogen fertilizer use on the environment, there is 
broad consensus that the impact is detrimental ( 37 ^ 1 ). Detrimental impacts because 
of nitrogen fertilizer use include pollution of surface waters caused by runoff, pollution 
of groundwaters caused by leaching, green house gas emissions, and acid rain. Thus, in 
addition to direct cost saving by growers, reducing nitrogen fertilizer applications in 
com and other crops will benefit the environment. 

Given the potential economic and environmental benefits of reduced nitrogen fertil- 
izer use, continued research and development efforts on this trait seems justified. 

2.2. Output Traits 

Some have suggested that the development and commercialization of second-gen- 
eration transgenic crop products should be focused on providing direct benefits to con- 
sumers in the form of better nutrition, better taste, or longer shelf life to facilitate public 
acceptance of the technology. However, it is not clear that output traits have the poten- 
tial to create the economic value needed to justify the costs and time necessary to bring 
them to market. Current value-enhanced grain crops on the market are niche products 
that in total are planted on less then 4 million acres in the United States ( 42 ). 

Table 9 provides a list of output traits named in the USDA database of field test 
notifications and release permits ( 19 ). However, as shown in Table 10, only a rela- 
tively small number of the traits are the subject of active investigation by the major 
agricultural biotechnology and food companies ( 19 ). Moreover, as shown in Table 10, 
of the 10 crops for which field trial notifications or release permits were requested for 
output traits, humans directly consume only rice, potato, and tomato in significant 
amounts. In contrast, com and soybeans, which accounted for the majority of notifica- 
tions and release permits for output traits, are primarily consumed as animal feeds or 
are only indirectly consumed by humans. Thus, the output traits that are the focus of 
most ongoing research and development are unlikely to benefit consumers directly. 

It is also interesting to note that, with the exception of only two companies, none of 
the major food companies engaged in field trials of tomatoes and potatoes with 
enhanced output traits in the late 1990s are continuing trials today. 

Output traits, in general, can be categorized into four groups: nutraceutical and nutri- 
tional enhancements, feed traits, improved processing characteristics, and “biofactory” 
traits that increase the production of plant-derived materials. 
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Table 9 

Output Traits Listed in US Field Test Notifications and Reiease Permits 



Improved animal feed 
quality 

Anthocyanin production 
in seeds 

Increased antioxidant 
enzyme 

Increased p-carotene 

Reduced fruit bruising 

Reduced caffeine levels 
Increased carbohydrate 
levels 

Altered carbohydrate 
metabolism 

Altered carotenoid content 

Altered carotenoid 
metabolism 

Reduced catalase levels 
Altered cell walls 
Altered color 
Delayed fruit softening 
Improved digestibility 
Increased dry matter 
content 

Altered erucic acid 

Altered ethylene 

metabolism, production, 
and synthesis 
Reduced ethylene 

Extended flower life 
Altered fatty acid levels 

Altered fatty acid 
metabolism 
Altered feed properties 



Altered fiber quality 

Altered fiber strength 

Enhance flavor 

Reduced flower and fruit 
abscission 
Altered flower color 

Increased fruit firmness 
Decreased fruit invertase 

Delayed or altered fruit 
ripening 

Increased fruit solids 

Altered fruit sugar and 
sweetness 

Improved grain processing 
Improved breading making 
Improved fruit quality 
Increased phosphorous 
Increased protein 
Industrial enzyme 
production 
Increased iron levels 

Increased or altered lysine 
levels 

Melanin produced in cotton 
fibers 

Reduced levels of nicotine 
Imporved or altered 
nutrition quality 
Altered oil profile or quality 

Increased peroxidase levels 



Altered pigment 

metabolism or composition 
Altered polyphenyl oxidase 
levels 

Altered processing 
characteristics 
Prolonged shelf life 

Increased or altered praline 
levels 

Altered protein levels 
Increased rubber yield 

Reduced salicylic acid 

Increased secondary 
metabolites 

Increased seed composition 

Increased seed quality 
Altered seed storage protein 
Altered senescence 
Increased solids 
Increased stanols 
Increased, decreased, 

or altered starch metabolism 
Increased or modified 
sterols 

Increased sugar alcohol 

Altered sugar content 

Increased tryptophan levels 
Increased tuber solids 

Increased tyrosine levels 

Increased vitamin C 



2.2.1. Nutraceutical and Nutritional Enhancements 

The global nutraceuticals industry has a market value exceeding $50 billion ( 43 ). 
The primary markets are vitamins, minerals, and herbal supplements ( 43 ), none of 
which are a major focus of current transgenic crop research and development efforts. 
Vitamins are derived primarily by synthetic means; minerals are not produced in plants. 
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Investigation of herbals and botanicals is a possible area for biotechnology applica- 
tions. However, because of the great diversity of herbal plants, their often exotic nature, 
and the likely consumer rejection of GM herbals and botanicals, nutraceuticals are not 
a compelling area for the development of transgenic crops with enhanced output traits. 

2.2.2. Feed Traits 

As shown by the data in Table 10, com and soybeans engineered to produce high 
levels of lysine, methionine, or tryptophan or low levels of phytate are areas of active 
research and development. The primary customers for such output traits are poultry, 
swine, beef, and dairy producers. If successfully brought to market, these products are 
likely to face a very challenging competitive response from current feed additive sup- 
pliers, such as Archer Daniels Midland, BASF, Roche, Novus International, Sumitomo, 
Degussa, and many others. 

The competitive response by suppliers of oil and fat supplements for the feeds industry 
was an important contributor to the reduced commercial success of high-oil com. Similar 
competitive pressures are expected for transgenic crops with high lysine, methionine, 
tryptophan or low phytate traits. Thus, any company seeking to develop value-enhanced 
transgenic crops with altered amino acid, vitamin, or phosphorous profiles for the animal 
feeds industry should conduct an extensive and detailed competitive analysis to ensure 
that the potential value creation of the products can actually be realized. 

2.2.3. Processor Traits 

Processor traits are directed toward increasing the production efficiency of com- 
modity products such as vegetable oils, protein meal, starch, or flour by reducing costs 
or increasing output. Figure 9 shows the US sales for plant-derived materials (for all 
chemicals except tocopherols, see ref. 44; for tocopherol, see ref. 45), which makes it 
possible to estimate the potential value for many processor traits. 

For example, sucrose, vegetable oils, and starch are the three largest value plant- 
derived food commodities. Assuming the need to exceed an annual gross revenues 
hurdle rate of $200 million per year for the trait developer and a 2:1 value share with 
growers, processors, and other participants in the commodity chain, a total annual value 
creation of at least $600 million is needed. Thus, a percentage value added of 10 to 
over 50% to the current value of the sucrose, vegetable oils, or starch commodity mar- 
kets is needed to achieve an acceptable return on investment. Although such increases 
in value creation are possible for sucrose and vegetable oils, they will be extremely 
difficult to achieve for other plant-derived products. Thus, it can be concluded that few 
transgenic crops engineered with processor traits are likely to justify the high costs and 
time necessary for their development and commercialization. 

2 - 3 . Value Creation Conclusions 

Because of the high costs, time, and risks associated with the development of the 
second-generation transgenic crops, only a few traits have the potential to achieve a 
value creation in the $200-500 million per year range, which is necessary to provide 
the trait developers with an acceptable return on investment. Achieving this high value 
capture hurdle rate is even more difficult because the major market for transgenic crops 
is likely to be primarily North America for the foreseeable future (see Section 3). 




Table 10 

Output Trait Field Test Notifications and Release Permits Sorted 
by Selected Companies 

Company Output Trait Crops 
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Increased lysine levels Soybean 

Increased methionine levels Com 

Altered carbohydrate Corn 

metabolism 




Dow AgroSciences Reduced phytate levels Com 

DuPont Improved animal feed Com 

quality 

Altered carbohydrate Com and soybean 

metabolism 
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Lipton (2000"^) Increased anti-oxidant 

enzyme 
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Production of novel Com and soybean 

proteins 

Improved grain processing Com and soybean 

Increased secondary Soybean 

metabolites 
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Altered processing Tomato 

characteristics 

Altered protein quality Tomato 

^The most recent year notifications or release permits were recorded for this company by the Animal and Plant Health 
Inspection Service of the USDA. 
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Sucrose 
Vegetable Oils 




$ 6,177 



Alkaloids 



$ 2,198 



Starch 



$ 1,140 
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$ Million 

Fig. 9. US sales of plant-derived products in 1989. 



Transgenic crops engineered with pathogen tolerance, increased yield, drought tol- 
erance, or the ability to grow and develop normally with reduced inputs of fertilizers 
will likely create the most value for both trait developers and farmers. In contrast, 
development of transgenic crops with output traits that provide a direct benefit for 
consumers and also generate sufficient value to justify development costs will be very 
challenging. 

3. Capturing the Value Created 

Value capture has been recognized for many years as one of the most important 
issues facing agricultural biotechnology ( 46 ). Unfortunately, rather than improving, 
some could argue that the situation with respect to value capture has deteriorated sig- 
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nificantly based on the rapid spread of illegal, black market, or farmer saved “brown 
bag” seed for transgenic crops. Black market glyphosate-tolerant soybeans are wide- 
spread in Argentina and Brazil (47-50), which account for approximately 40% of the 
total global soybean production. 

The US General Accounting Office, in an investigation of the difference in prices 
for GM seeds in the United States and Argentina (47), concluded that the lower price 
for Roundup Ready soybeans in Argentina was because of the stronger control over 
patented seed technology in the United States and the extensive sales of black market 
soybean seed in Argentina. It is estimated that as much as 60% of the soybean seed 
used in Argentina is black market seed (51). In Brazil, sales of black market Roundup 
Ready soybean seed is as high as 60% in the important Rio Grande do Sul production 
area, and black market seed is moving north into the Parana production region (49). 

China, with approximately 10% of the global production, is the only major pro- 
ducer, other than the United States, still reported to be free of black market transgenic 
soybean plantings. 

Black market trade in transgenic cotton seed is also widespread. The five largest cot- 
ton-producing countries are the United States, China, India, Pakistan, and Uzbekistan, 
which together produce approximately 70% of all cotton (52). With the exception of the 
United States and Uzbekistan, black market Bt cotton is planted on significant areas in the 
other major cotton-producing countries (53-56). Black market Bt cotton is also reported 
to be expanding to other cotton-producing countries, such as Thailand and Indonesia (57). 

Even transgenic hybrid com seed has been stated to be black-marketed in Latin 
America (58,59). 

Black market or brown bag seeds significantly reduce revenues for developers of 
transgenic crops. Until intellectual property protection systems improve in many 
developing countries in Latin America and Asia that are important producers of agri- 
cultural products, value capture for transgenic technologies will be largely limited to 
developed countries. Because of the strong opposition to transgenic crops in Europe, 
developers of transgenic crops will primarily depend on North America for the major- 
ity of their revenues from transgenic crops. This greatly reduces the possibilities for the 
development and commercialization of new transgenic crop products. For example, a 
transgenic trait that conferred broad- spectrum pathogen tolerance in rice, wheat, 
tomato, and corn is estimated to create up to $14.7, $8.5, $7.6, and $7.0 billion, respec- 
tively, of potential value (15). 

However, consideration of the geographic distribution of pathogen caused losses for 
these four crops (see Fig. 10) shows that only about $3 billion of the potential value 
creation occurs in the North American market, in which trait developers would be able to 
capture an acceptable amount of the value created. Thus, for rice and tomato, the major- 
ity of the economic losses caused by pathogens occur in Asia, which is a very low value 
capture market. Even though an effective transgenic solution to pathogen-caused losses 
in rice and tomato could create billions of dollars of value, because of the low value 
capture potential in the Asian markets, the return on the investment of over $50 million 
and 6 years to develop and commercialize such technology will likely be very poor. 
Alternatively, pathogen protection technology for wheat and com for the North Ameri- 
can market has the potential to create several billion dollars of total value and provide the 
trait developer with sufficient revenues to provide an adequate return on investment. 
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Fig. 10. Geographic distribution of pathogen losses in rice, tomatoes, com, and wheat. 



The agricultural biotechnology industry must redouble its efforts to develop effec- 
tive value capture mechanisms to obtain adequate returns for the significant investment 
required to develop and commercialize the next generation of transgenic crops. Tech- 
nology and science may contribute to improved value capture systems; however, it is 
more likely that marketing, distribution chain management, and customer service will 
play a larger role in improving value capture systems. The major producers of agricul- 
tural products will continue to be the United States, China, India, Brazil, Argentina, 
and western and central Europe. If the potential of agricultural biotechnology is to be 
realized, the industry must develop more effective ways of protecting intellectual prop- 
erty rights, minimizing black market seed, and capturing value for transgenic crops in 
developing countries. 

4. Delivering the Value to the Market 

Perhaps the biggest challenge facing the agricultural biotechnology industry is 
delivering the value of the technology to the market. 

4. 1. Enabling Assets 

For any company to be able to develop and commercialize a transgenic crop, they 
must possess, or have access to, transformation technologies, germplasm, and traits. 
For example, licenses to 70 patents owned by approximately 30 different entities in 
addition to germplasm assets are needed to develop GoldenRice^''^ ( 60 ). The high costs 
to gain access to the intellectual property and assets needed to develop and commer- 









Value Creation and Capture 



291 



cialize transgenic crops have been a significant factor in the consolidation in the agri- 
cultural biotechnology industry ( 61 ,62 ). More significantly, only a very few large, mul- 
tinational companies have the assets and intellectual property rights required to develop 
and commercialize transgenic crops and therefore deliver such products to the market. 

4.2. Consumer Acceptance 

At the end of the day, or rather the end of the commodity food chain, the objective of 
the industry should be to provide a product that is desired by consumers. It has been 
recognized for many years that the customer for transgenic crop products is not necessar- 
ily the farmer (63). Nonetheless, the agricultural biotechnology industry has failed to 
make significant progress to increase consumer acceptance of foods derived from 
transgenic crops (64-67). The industry has urged that the debate be “science based,” and 
proponents of the technology have argued that the transgenic crop products are among 
the most thoroughly tested food products ever and have been shown to be safe (68). 

However, the debate has already largely shifted to a nonscientific debate about 
labeling and the right to choose (69,70). Labeling of foods containing material from 
transgenic crops is mandatory in many countries outside North America and is under 
consideration by others (71). It seems that the harder the industry has fought to keep 
the debate science based, to convince consumers the technology is safe, and to prevent 
labeling, the more the debate has shifted from science, the greater the concern by con- 
sumers, and the greater the demand for labeling. 

5. Conclusions 

The promise of agricultural biotechnology articulated when the first transgenic crops 
were commercialized was that the technology would create greater value for technol- 
ogy providers from input traits by shifting value from chemicals to seeds. The technol- 
ogy was projected to cause a reduction in research and development costs to 
commercialize new agricultural products, reduce the time needed to develop and com- 
mercialize such products, and provide growers and consumers with environmental and 
safety benefits. Agricultural biotechnology was also projected to create new market 
opportunities for output traits by integrating the food chain to enable capturing value 
from traits that benefited processors and consumers rather than just the farmer. Output 
traits were also projected to “decommoditize” the commodity food chain to create big- 
ger margins for growers and technology providers. 

Almost a decade after the first transgenic crops were commercialized, success for 
the technology has largely been limited to North America. Total development costs 
and the time required to develop and commercialize transgenic crop products are 
essentially the same as for traditional agricultural-chemical products (72). Many con- 
sumers question the environmental and safety benefits of transgenic crops. Because of 
consumer acceptance concerns and the refusal by many food processors and retailers to 
utilize or sell products derived from transgenic crops (73-75), it is necessary to segre- 
gate many transgenic crop products. This has caused “dis-integration” of the commod- 
ity food chain rather than integration. Finally, some non-GM products sell at a premium 
to the corresponding GM products. 
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Does this mean that agricultural biotechnology has failed? The answer is no. As a 
report sponsored by the United Nations noted, “Biotechnology has the potential to 
become a powerful tool in meeting the challenges posed by food insecurity, industrial 
underdevelopment, environment degradation and disease” ( 76 ). The obstacles to the 
success of agricultural biotechnology are not technical. Rather, the principle obstacle 
is gaining public acceptance for the potential of the technology to provide safe and 
nutritious food products produced with less environmental impact than traditional ag- 
riculture. 

To convince consumers of this will certainly take time. It will also likely require a 
significant increase in resources dedicated to public education, consultation, and lis- 
tening. There is an old saying in business that “the customer is always right.” To be 
successful, the industry must listen to the concerns and fears of consumers, who are the 
ultimate customers for the technology, and genuinely address and resolve those con- 
cerns. In the absence of such efforts, agricultural biotechnology will likely fail to 
achieve the great potential that is possible. 
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1. Introduction 

Human beings have always relied on plants for food, shelter, clothing, and fuel. The 
demand for plant resources will increase as the world’s population grows. In 1900, the 
global population was approximately 1 .6 billion. Now, at the beginning of a new cen- 
tury, this number has surged to 6 billion, and the United Nations estimates that the 
global population will reach 10 billion by 2030. Modem biotechnology (genetic engi- 
neering) can help meet the ever-increasing needs for food and fiber resources by in- 
creasing crop yields, decreasing production inputs such as water and fertilizer, and 
providing pest control methods that are more compatible with the environment. 

For centuries, plant breeders have relied on pure breeding, hybridization, and other 
genetic modification techniques to improve the yield and quality of crops and to pro- 
vide crops with built-in protection against insects and diseases. The earliest agricultur- 
ists performed genetic modification to convert wild plants into domesticated crops long 
before genetics was understood. As knowledge of plant genetics increased, plant breed- 
ers used controlled pure breeding and hybridization of plants with desirable traits to 
produce offspring with the best traits of the parental plants. These conventional pro- 
cesses are often time consuming, inefficient, and subject to significant practical limita- 
tions (e.g., breeding can only be achieved within reproductively compatible species). 

The tools of modem biotechnology allow plant breeders to select single genes that 
produce desired traits and move genes from one plant (or microorganism) to another 
plant. The process is far more precise and selective than traditional breeding. Many of 
the traits that scientists want to incorporate with modem biotechnology into crops are 
similar to those that plant breeders have been trying to incorporate through conven- 
tional breeding methods. Examples of these traits include increased yield, enhanced 
nutrition, improved quality (such as delayed ripening and softening of tomato), the 
ability to withstand environmental stress (such as drought and salt), resistance to dis- 
eases, resistance to pests (such as insects and nematodes), and tolerance to herbicides. 
The new crop varieties produced by modem biotechnology are commonly called 
genetically modified (GM) plants, genetically engineered plants, transgenic plants, or 
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biotechnology-derived plants. Given the widespread public use, the term GM is used in 
this chapter although it is somewhat a misnomer because plants generated through 
conventional breeding methods are also genetically modified. 

Since the first commercial introduction of GM plants in 1996, the global planting 
area of GM crops has increased at an annual growth rate of over 10% ( 1 ). Overall, 
during the 7-year period from 1996 to 2002, the global area of GM crops increased 35- 
fold, from 1.7 million ha in 1996 to 58.7 million ha in 2002. It is estimated that between 
5.5 and 6 million farmers in 16 countries planted GM crops in 2002. Four principal 
countries accounted for 99% of the global GM crop area. The United States grew 39 
million ha (66% of global total GM area), followed by Argentina with 13.5 million ha 
(23%), Canada with 3.5 million ha (6%), and China with 2.1 million ha (4%). 

The principal GM crops grown in 2002 were soybean, corn, cotton, and canola. On 
a global basis, 51% of the 72 million ha of soybean grown worldwide were GM; 9% of 
the global 140 million ha of corn were GM; 20% of the global 34 million ha of cotton 
were GM; and 12% of the global 25 million ha of canola were GM ( 1 ). Among the 
commercialized GM varieties, herbicide tolerance is the most common trait, with insect 
resistance second. The two most common GM crop-trait combinations are herbicide- 
tolerant soybean, occupying 36.5 million ha grown in seven countries, and insect-resis- 
tant com, occupying 7.6 million ha and planted in seven countries. More than half of 
the world’s population lives in countries where GM crops are approved and grown ( 1 ). 

As with all new technologies, there are concerns about unknown effects. Attitude 
toward the use of modem biotechnology in food and agriculture has become highly 
polarized, particularly in western Europe. Although GM crops are under rapid devel- 
opment and used over large areas in the Americas, Asia, Australia, and Africa, in west- 
ern Europe there has been heated debate on whether such technology should be applied 
to agriculture and food production ( 2 ). The critics of GM products question the relative 
food safety and environmental benefits vs the risks of GM crops compared to crops 
derived through conventional breeding methods. Critics and some supporters of GM 
technology also question whether new GM crops receive sufficient governmental regu- 
latory oversight. 

In this chapter, the general safety issues associated with GM food plants are 
described; these include toxicity, allergenicity, nutrition, environmental, and ecologi- 
cal effects. Although this chapter is mainly focused on the potential risks and concerns 
of plant GM technology, the benefits are also briefly discussed. Then, the scientific 
principles and approaches used by worldwide regulatory authorities and scientists in 
the assessment of GM food safety are introduced, highlighting the principle of risk 
analysis, the concept and application of substantial equivalence, the novel genes, and 
the toxicity and allergenicity of the novel proteins. Finally, an overview is given on the 
current international regulatory frameworks on GM plants, in which the efforts of the 
United Nations in providing a platform for the establishment of a global consensus on 
the regulation and safe use of agricultural biotechnology is introduced. As well, the 
regulation and approval processes of GM plants for environmental release and for use 
as food or animal feed in Argentina, Australia, Canada, China, European Union, Japan, 
and the United States are reviewed. 
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2. Toxicity 

2. 1. Toxicity of Piant Food in Generai 

Plants have been an important source of food for humans since the very beginning of 
humankind. Humans have learned that some plants can be eaten safely, but others can- 
not. It was also learned that some plants could only be eaten after cooking. Knowledge 
gained on the safety of different plants was passed on from generation to generation. 
Also, through much of human history, humans have been selecting and breeding 
comestible plants for desirable properties and traits, such as higher yield or better nutri- 
tion. As a result, food plants have been changed dramatically in their morphology, 
growth, performance, and nutritional composition. 

With the advances in science and technology, humans have learned more about the 
chemical composition of plants. It was revealed that food plants are composed of many 
different compounds and molecules that provide humans with essential macro- and 
micronutrients and energy. It was also found that, even in some highly domesticated, 
common food crops, in addition to the various nutrients, there are certain substances 
that either are toxic or have antinutritional effects to humans and animals; these are 
called toxicants or antinutrients. Examples of these substances are glycoalkaloids and 
solanine in potato; erucic acid, phytic acid, and glucosinolates in rapeseed; tomatine in 
tomato; and trypsin inhibitors in the grains of wheat, rice, and com. Safety for con- 
sumption for some plant foods is relative because safety margins for many natural 
plant toxicants are quite small (3). For example, a vegetable, Sauropus androgynus, 
which was safely eaten in Borneo and Malaysia, caused severe toxicity and death when 
consumption increased because of a new perception that it was a “health food” (4). 

Besides small compounds, plants may also produce protein toxins. As an example, a 
family of proteins called y-thionins is a group of small (5-kDa), highly basic, disulfide- 
rich proteins found in seeds, stems, roots, and leaves of several common food plants, 
such as com and barley. The different members of this family of plant proteins show 
both sequence and structural homology and are toxic to bacteria, fungi, yeasts, and 
animal cells (S). In fact, there are stmctural similarities between y-thionins of plants 
and p-conotoxins, a group of toxins isolated from the venom of the piscivorous sea 
snail Conus geographus. It was reported that plant y-thionins and sea snail p-conotoxins 
share a similar mode of action by blocking sodium channels of the cells (6). 

2.2. Potentiai Aiteration in Toxicity of Piants After Genetic Modification 

Genetic modification of plants is achieved by the introduction of new genes from one 
plant, bacterium, or animal species to the desired plant species using recombinant DNA 
technology. The insertion of the new genes results in either the production of one or 
more new substances in the plant or a change in the synthesis of existing substances. 
The effect can be direct and intentional, in which case the introduced genes result 
directly in the production of proteins or enzymes to obtain a desired phenotype. Alter- 
natively, the introduction of new genes may increase or decrease the expression of the 
existing proteins or enzymes, which in turn results in the change of other substances in 
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plants. Either of these processes may alter protein profiles within a given crop and there- 
fore require evaluation with respect to their potential toxicity to humans or animals. 

The process of genetic modification may also have indirect effects that lead to the 
production or accumulation in plants of substances that could have potential toxic 
effects. Insertion of a transgene into a host plant, by the methods of Agrobacterium- 
mediated transformation or biolistic particle bombardment transformation, is a random 
process with the possibility of changing the regulation of other genes in plants. If the 
transgene inserts into a gene involved in the regulation of a toxicant, this insertion may 
lead to either elevated or reduced levels of this toxicant. In another scenario, the prod- 
uct of a transgene can be an enzyme intended to work in a specific metabolic pathway. 
If this enzyme also shows activity in another metabolic pathway (e.g., a pathway of a 
toxicant synthesis), it will alter the toxicant level in the plants. This is called a pleiotro- 
pic ejfect (7). However, this effect is not unique to GM plants. It can also be caused by 
natural or induced mutations (via such methods as irradiation or chemical induction) 
and by other traditional breeding methods. Trait developers are required by govern- 
ment regulations to monitor toxicants, antinutrients, and other key food components in 
new GM varieties to ensure that the concentrations of toxicants and antinutrients in 
new varieties have not increased above the levels of conventional nontransgenic crops. 

2.3. Reduction in Leveis of Stress-Mediated Toxicants 
and Fungai Mycotoxins in GM Piants 

Plants are susceptible to attack in the field and during storage by various microorgan- 
isms and insects. They are also subjected to various physiological stress conditions dur- 
ing cultivation, harvesting, and storage. In response to stress situations, the affected 
plant tissue produces “unusual” compounds in an attempt to counteract the stress or 
infection. The unusual compounds produced by plants in response to various exogenous 
stimuli are generally referred to as phytoalexins (8). Many phytoalexins are toxic to 
certain microorganisms and animals, and some (toxicants) are hazardous to humans. 
There is a growing literature body about the abundant levels and varieties of toxic phy- 
toalexins in human foods. These toxicants can cause mutagenicity, carcinogenicity, ter- 
atogenicity, neurotoxicity, and visceral organ toxicity in routine laboratory tests (9), 

As an example, potato plants respond to infection and stress with increased levels of 
glycoalkaloids (10). The acute toxic properties of glycoalkaloids include anticholinest- 
erase activity and saponinlike properties that disrupt membrane function and cause 
nausea, diarrhea, vomiting, and abdominal pain at 1-2 mg/kg body weight, with death 
occurring in humans at 5-6 mg/kg (77). In addition, high levels of potato glycoalkaloids 
have been shown to cause birth defects and increased fetal mortality in a number of 
animal species (12,13). Risk analyses indicated that, although average exposures are 
low, a small percentage of children may be exposed to much higher levels of 
glycoalkaloids on an acute basis (9). 

Because increases in plant natural toxicants are stress mediated, the prevention of 
infection, predation, and physiological stress on plants will conceivably reduce the 
levels of the natural toxicants in the food supply (9). GM crops with insect-resistant or 
disease-resistant traits are already on the market; GM crops with physiological stress 
resistance are under development. Compared with their nontransgenic counterparts. 
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these GM crops should have lower levels of stress-induced plant toxicants if microbial 
infection, insect infestation, or environmental stress conditions occur in the fields. 

Besides stress-mediated plant toxicants, mycotoxins in foods produced by fungi that 
infected the plants have long been recognized as a serious hazard to human and animal 
health. Fumonisins and aflatoxins are typical examples of noxious mycotoxins. 
Fumonisins are produced by several Fusarium species that cause com ear rot, which 
can be found in nearly every cornfield at harvest. Fumonisins can be fatal to horses and 
pigs and are probably human carcinogens (14). Aflatoxins are another group of notori- 
ous com mycotoxins produced by Aspergillus flavus and Aspergillus parasiticus that 
causes com kernel rot (15). The health and economic impacts of aflatoxins have been 
greater than that of other mycotoxins in com because aflatoxins can be passed into 
milk if dairy cows consume contaminated grain. Aflatoxins have demonstrated potent 
carcinogenic effect in susceptible laboratory animals and acute toxicological effects in 
humans. It is known that lepidopteran insects can influence the development of stalk 
rot and ear rot disease in com. Fusarium ear rot and Aspergillus kernel rot are often 
associated with insect damage to ears or kernels (16). 

One of the first successful commercial applications of plant genetic engineering was 
the development of transgenic Bacillus thuringiensis (Bt) plants, which incorporate 
specific genes from the soil bacterium B. thuringiensis that express insecticidally active 
endotoxins (Cry proteins). The Cry proteins are selectively active on certain insect 
species among the orders of Lepidoptera, Diptera, and Coleoptera. Results of field 
studies have consistently demonstrated that Bt corns had significantly lower incidence 
and severity of Fusarium ear rot and Aspergillus kernel rot and produced com grains 
with lower levels of fumonisins and aflatoxins (15,17-19). Hammond et al. reported 
field trials of Bt and non-Bt corns in five countries (Argentina, France, Italy, Turkey, 
and the United States) from 1997 to 2001 ( 19). Their data showed that overall fumonisin 
levels in Bt com were reduced by 47% to 97% compared with non-Bt com. Windham 
et al. reported that, when plants were infested with southwestern com borers, a Bt com 
hybrid had more than 75% reduction in aflatoxin compared with its non-Bt counterpart 
(5 vs 41 ppb) (15). 

3. Allergenicity 
3.1. Food Allergy 

The term food allergy is often overused by the public, as well as by some physicians 
and scientists, to describe any undesired or bothersome problem related to diet (20). 
For clarity, human adverse reactions to foods can be classified into two categories: 
toxic reactions and nontoxic reactions (20). Toxic reactions are caused by toxicants 
naturally occurring in foods or toxic compounds and contaminants introduced during 
food production, processing, and handling. Nontoxic reactions are further divided into 
food intolerance and food allergy. Food intolerance refers to those nontoxic reactions 
that are nonimmune mediated. One example of food intolerance is lactose intolerance, 
the inability to digest lactose present in dairy food products. 

Food allergy is defined as those nontoxic reactions that are primarily immune medi- 
ated. The antigenic molecules giving rise to the immune response are therefore called 
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food allergens. The immune-mediated food allergy can be mediated by IgE (immuno- 
globulin E) or non-IgE mediated. Most known cases of food allergy are IgE mediated. 
In IgE-mediated food allergy, when first ingested, the allergens may be cleaved to 
some degree by digestive enzymes, absorbed by the gut mucosa, processed in 
immunopotent cells, and then presented to the immune system, resulting in the produc- 
tion of allergen- specific IgE. The allergen- specific IgE antibodies circulate in the body 
and will bind to mast cells throughout the body tissues and basophils in the blood. On 
renewed contact with the food allergens, the allergens bind to the IgE antibodies, which 
triggers the degranulation of the mast cells and basophils and production of mediators 
(such as histamine and leukotrienes), which induce various clinical symptoms (21). 
Symptoms of IgE-mediated food allergy vary among individuals and are nonspecific. 
The clinical aspects of IgE-mediated food allergy can be oral (itching and swelling of 
lips, mouth, or throat); dermal (urticaria, atopic dermatitis, angioederma); gastrointes- 
tinal (vomiting, cramps, diarrhea, abdominal pain); respiratory (asthma, rhinitis, bron- 
chospasm, wheezing); and cardiovascular (decrease in blood pressure, anaphylaxis) 
(21). The symptoms may occur within minutes to days after ingestion of the offending 
food, and in severe cases, death could occur. 

The actual prevalence of adverse food reactions is unknown. A consumer survey 
indicated that one-third of American households believed that at least one member of 
their family had food allergies (22). Although the public believes the prevalence of 
adverse food reactions is quite high, many in the medical community suggest that the 
true prevalence of adverse food reactions is uncommon. In general, the consensus from 
the medical literature is that the prevalence of adverse food reactions is approximately 
2-8% in infants and children and 1% in adults (23). 

3,2. Food Allergens and Their Physicochemical Characteristics 

All known food allergens are proteins. Foods contain many proteins, but only a 
small number of them are known to be allergens. Several hundred food allergens have 
been identified. Based on patient reactivity, food allergens are classified into major 
allergens and minor allergens. Allergens to which the majority of patients react (more 
than 50% of individuals sensitive to the allergen react in IgE-specific immunoassays) 
are described as major allergens^ allergens to which a minority of patients react are 
called minor allergens (24,25 ). Generally, although not always, major allergens tend to 
be one of the predominant proteins in the allergenic food source. Among the most 
documented food allergies, over 90% are caused by eight foods or food groups: pea- 
nuts, milk, eggs, soybean, tree nuts, fish, Crustacea, and wheat (26). 

The surfaces of allergenic proteins that interact with cells of the immune system or 
specific IgE antibodies are called epitopes. Epitopes that react with T cells are called T- 
cell epitopes. Those that react with antibody or antibody-producing B cells are called 
B-cell epitopes. Epitopes are either conformational or linear. Conformational epitopes 
depend on the tertiary structure of the protein or several amino acid sequences on the 
protein surface. Linear epitopes depend on the linear sequence of amino acids in a 
protein. The general belief is that T-cell epitopes are linear, whereas B-cell epitopes 
are conformational (27). However, there are also exceptions (28). If an epitope is com- 
posed of a series of covalently linked amino acids, it is called a continuous epitope. An 
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epitope that is composed of two different amino acid sequences, which through their 
tertiary structure form one epitope, is called a discontinuous epitope. The minimum 
number of amino acid residues is 8 for continuous epitopes (29), whereas discontinu- 
ous conformational epitopes have 16 or more (28). 

Most known food allergens have molecular weights between 10 and 70 kDa. 
Although smaller molecules may be immunogenic, the molecular weight (MW) of 10 
kDa probably represents the lower limit for the allergenic response (27). The upper 
limit is probably a result of restricted mucosal absorption of larger molecules. How- 
ever, some allergens, such as the peanut allergens Ara h 1 (MW 63.5 kDa) and Ara h 2 
(MW 17 kDa), exist in native form as large protein multimers that are 200 to 300 kDa 
in size (30,31). It is not clear if such large molecules act as allergens directly or are 
disassociated into smaller allergenic fragments during the digestive process. 

Many known food allergens are glycosylated, and the carbohydrate structures of 
plant food allergens in particular are known to represent important IgE epitopes (32- 
34). For example, IgE from wheat- and barley-allergic patients recognized a peptide 
containing an N-linked oligosaccharide. This recognition was lost on deglycosylation 
from the peptide (32). It should be noted that, even though many food allergens are 
glycoproteins, glycosylation does not represent a unique property for food allergens 
because glycosylation is also a feature of many other proteins and enzymes that are not 
food allergens. In addition, some food allergens are nonglycoproteins. 

Many food allergen proteins are resistant to heat. The resistance of food allergens to 
heat suggests the presence of linear epitopes in the protein molecules. For example, the 
IgE-binding capabilities of a crude peanut extract and two major peanut allergens, Ara 
h 1 and Ara h 2, were unaffected by heating at 100°C for up to 60 minutes (35). The 
IgE-binding ability of another major peanut allergen, the concanavalin A-reactive gly- 
coprotein, is stable to temperatures up to 100°C over a pH range of 2.8 to 10.0 (36). 
However, heat-labile food allergens have also been identified; heat treatment induces 
protein denaturation and the loss of conformational IgE-binding epitopes. For example, 
the IgE-binding ability of the rice glutelin and globulin fractions as assessed by immu- 
noassay was reduced by 40 to 70% by heating at 60°C for 60 minutes or 100°C for 2 to 
10 minutes (37). In fact, some food allergens are quite sensitive to heat denaturation. 
The allergens in fresh fruits and many vegetables are a good example. Consequently, 
although many food allergens tend to be resistant to heat treatment, this property is not 
universal. 

Several review articles indicated that many food allergens are resistant to proteolysis 
and hydrolysis (27,38,39). It is also acknowledged that the amount of information on 
the stability of food allergens to digestion, proteolysis, and hydrolysis is relatively lim- 
ited (27). Pepsin and trypsin are the major proteases in human gastric fluid and intesti- 
nal fluid, respectively. The pH optima for the activity of the two proteases are drastically 
different, with pepsin most active at acidic and trypsin at basic conditions. Astwood et 
al. measured and compared the digestive stability of a group of 16 allergens (most of 
which are storage proteins) and a group of 9 nonallergenic proteins (all enzymes) in a 
standard simulated gastric fluid (SGF) (40). Although some food allergens were stable 
in SGF for the full 60 minutes of reaction, others were rapidly degraded within 30 s, but 
peptide fragments stable for at least 8 minutes were observed. All the nonallergenic 
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enzymes tested were degraded within 15 seconds without forming any stable peptide 
fragments. Thus, if allergens are more stable than the nonallergenic proteins, then 
digestive stability may be a parameter to distinguish allergens from nonallergenic pro- 
teins. However, Fu et al. conducted a similar study by including more proteins (23 
known allergens and 16 nonallergens) and using both SGF and simulated intestinal fluid 
test systems (41). The test proteins could be divided into four groups based on func- 
tions: storage proteins, plant lectins, contractile proteins, and enzymes. The results of 
this study did not indicate that food allergens are more stable to digestion in vitro than 
nonallergenic proteins. A comparison of the digestibility among proteins within the four 
functional groups showed that food allergens could be more, equally, or less susceptible 
to SGF and simulated intestinal fluid digestion than nonallergenic proteins with similar 
cellular functions. 

3 . 3 . Potential Alteration in Allergenicity of Plant Food 
After Genetic Modification 

Factors that may alter the allergenicity potential of a plant will depend on the newly 
introduced or altered genes encoding for the novel or changed proteins. If new genes 
are introduced, the source of the genes is of paramount importance. If the genes are 
derived from a known allergenic species, caution should be taken to the likelihood of 
transfer of allergens from the allergenic species. As an example, soybeans and other 
legumes are an important source of protein in human and animal diets, but are deficient 
in methionine, an essential amino acid. Many livestock animals are fed soybean meal 
diets and require supplements to meet their dietary methionine needs. 

To improve the nutritional quality of soybeans, researchers at the US company Pio- 
neer Hi-Bred International developed a line of GM soybean that produces a methion- 
ine-rich protein (2S albumin) from Brazil nut. Although it was known at the time that 
Brazil nuts were allergenic to some consumers, no one had identified which protein in 
Brazil nuts was the responsible allergen. Pioneer scientists and their collaborators at 
universities investigated the potential of altered allergenicity in the new soybean. Using 
blood and skin-prick tests, the researchers determined that at least some persons with a 
hypersensitivity to Brazil nuts were also allergic to the GM soybean. They concluded 
that the 2S albumin is probably a major Brazil nut allergen (42). Following the study. 
Pioneer stopped all field testing and destroyed all plant material and seeds of the GM 
soybean. 

In addition to the direct effect of the novel proteins, the introduction of a new gene 
may also have an indirect influence on the composition of other endogenous plant pro- 
teins or allergens. As a result of transformation, neighboring genes at the site of inte- 
gration of the insert DNA may be turned off or turned on, resulting in changes in 
existing proteins. Consequently, the possibility exists that the content of existing aller- 
gens of the plant could be elevated or reduced. However, this indirect effect is not 
something unique to GM plants because similar scenarios apply to plants generated by 
conventional breeding methods (27). It should be noted that, under government regula- 
tion, GM plants have to be analyzed for their content of known allergens, and it must be 
shown that they do not contain levels any higher than nontransgenic commercial vari- 
eties; new varieties created through conventional breeding methods have not been sub- 
ject to similar regulations. 
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3.4. Removal or Reduction of Allergens From Plants 
by Genetic Modification 

Many allergens in plants have been identified, and researchers are using modem 
biotechnology tools (such as antisense technology) to remove allergenic proteins from 
food plants such as rice and soybean (43,44) or other plants (45) to reduce human 
exposure. Continued research and product development in this area will expand the 
choice of foods available to those who suffer from food-related allergies. 

For example, soybean is one of the major allergenic food sources. It was suggested 
that a protein called Gly m Bd 30K/P34 is a dominant allergen in soybeans (44). This 
protein is a cysteine protease and is present in almost all the domestic soybean varieties 
and its wild relatives. It causes 65% or more of allergic reactions in soybean-sensitive 
individuals. A genetically modified hypoallergenic soybean is under development by 
knocking out the expression of Gly m Bd 30K/P34 protein (44). The new variety in 
development looks promising in that it showed negative reaction with IgE from people 
who were allergic to soybeans. Eventual commercialization of such a hypoallergenic 
soybean could have a huge favorable effect on the industry and consumers. 

Besides food plants, allergens can also be removed from other plants such as 
ryegrass, a common grass species for lawn and pasture use. Hay fever and allergic 
asthma, triggered by grass pollen allergens, affect some 20% of the population in cool, 
temperate climates. Ryegrass is the dominant source of allergens because of its prodi- 
gious production of airborne pollen. Lol p 5 is the major allergenic protein of ryegrass 
pollen, judging from the fact that almost all of the individuals allergic to grass pollen 
show the presence of serum IgE antibodies reactive to this protein. Moreover, nearly 
two- thirds of the IgE reactivity of ryegrass pollen has been attributed to this protein. A 
genetically modified ryegrass was reported that demonstrated downregulation of Lol p 
5 with an antisense construct (45). The transgenic ryegrass plants showed normal fer- 
tile pollen development. Immunoblot analysis of proteins with allergen- specific anti- 
bodies did not detect Lol p 5 in the transgenic ryegrass pollen. The transgenic pollen 
showed remarkably reduced allergenicity, as reflected by low IgE-binding capacity of 
pollen extract as compared with that of the nontransgenic control pollen. 

In addition to direct removal of allergens from plants by genetic modification, 
reduction of stress-mediated allergens can be anticipated in some GM plants, depend- 
ing on the type of traits modified. A series of plant proteins was actively synthesized 
when plants were exposed to bacterial or fungal pathogens, insects, mechanical wound- 
ing, drought, salt, or low-temperature stress conditions. Plant proteins produced as a 
plant defense response against these stress conditions are called pathogenesis-related 
proteins or PR proteins (46). Some examples of PR proteins are [3-l,3-glucanases in 
banana; class I chitinases in chestnut; thaumatinlike proteins in cherry, apple, and 
hazelnut; and lipid transfer proteins in barley (47). 

PR proteins are categorized into 14 groups based on similarities in their amino acid 
sequences, enzymatic activities, or other functional or physiological properties. Many 
PR proteins are stable at low pH and display considerable resistance to proteases and 
show sequence homologies to other food allergens. In fact, PR proteins represent an 
increasingly important category of plant-derived allergens. Of the 14 groups of PR 
proteins, 7 contain food allergens (48). Because increases in PR proteins are stress 
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mediated, the prevention of infection, predation, and physiological stress will conceiv- 
ably reduce the levels of the PR proteins in plant foods. Compared with conventional 
crops, GM crops with insect, disease, or physiological stress resistance traits may pro- 
duce lower levels of stress-mediated allergenic PR proteins if microbial infection, insect 
infestation, or environmental stress conditions occur in the fields. 

4. Nutrition 

4. 1. Potential Unintentional Alteration in Nutrient Composition 
After Genetic Modification 

There have been concerns that genetic modification could adversely affect the nutri- 
tional quality of foods by altering the levels of existing nutrients. This could be important 
when a specific GM food is an important source of a certain nutrient. Changes in levels of 
nutrients could theoretically take place in several ways. First, insertion of genes could 
conceivably disrupt or alter the expression of normally expressed plant genes. Second, 
expression of the introduced gene — through protein synthesis — might reduce the avail- 
ability of amino acids used for synthesis of normal plant compounds. Third, production of 
normal plant compounds might also be affected if the expressed protein diverted sub- 
strates from other important metabolic pathways. Finally, either the expressed protein or 
altered levels of other proteins might have antinutritional effects (49). 

These possible concerns, like those discussed in the sections on toxicity and 
allergenicity, are related to the randomness of DNA insertion. Again, none of these 
potential changes is unique to genetic engineering of plants; the same changes can also 
occur when traditional breeding methods are used. Such changes, in fact, may be less 
frequent in GM plants because only a limited number of genes are transferred with 
modem biotechnology methods. The potential alteration in nutrient composition of 
new GM varieties is addressed through characterization of the inserted gene and com- 
positional analysis of the GM foods (see Section 6.2.2). The nutritional characteristic 
of wholesomeness is also evaluated by animal feeding trials. Numerous studies have 
been conducted on animal performance and nutrition with approved GM crops, and 
there have been no differences seen compared with conventional crops (50-52). 

4.2. Enhanced Nutritional Value of GM Plant Food 

Increasing efforts are under way in the modification of food plants for improved 
nutrients, such as increasing essential amino acids, altering fatty acid composition, and 
enhancing mineral and vitamin contents. One prominent example is the development of 
a “golden rice” to provide vitamin A supplement to humans. Vitamin A deficiency 
(VAD) is a worldwide health problem. VAD can lead to blindness in children and can 
weaken children’s resistance to diseases such as measles and diarrhea. According to the 
World Health Organization (WHO), 0.5 million children go blind every year from VAD, 
1 million die of VAD-associated diseases, and over 100 million are sickened by VAD. 

The greatest incidence of VAD occurs in South and Southeast Asia, where 70% of 
children younger than 5 years of age are affected. The high occurrence is because of the 
fact that, in Asia, rice is the staple food, and rice plants do not produce vitamin A or P- 
carotene (the provitamin A) in the grain. A transgenic rice has been developed by 
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inserting several genes (phytoene synthase, phytoene desaturase, lycopene (3-cyclase) 
from daffodil and a bacterium into the genome of a rice variety. As a result, (3-carotene 
is produced in the rice grain, giving it a golden cast (53). Scientists are cross-breeding 
golden rice with other elite rice varieties. After regulatory clearance, golden rice seeds 
will be distributed to poor farmers in developing countries. 

5. Environmental and Ecological Effects 

5- 1. Potential Nontarget Effects of GM Plants 

Nontarget effects refer to the unintentional effects of GM plants on organisms living 
in or around the GM crop field. Some GM plants and their associated agricultural prac- 
tices are intended to kill specific pests, which are target effects. However, they may 
have effects on other species that are not the intended targets. The nontarget effects of 
GM plants could be both direct and indirect. Direct effects are those potential toxico- 
logical effects of GM plants on nontarget organisms, such as beneficial insects, birds, 
aquatic life, worms, and soil microorganisms. Indirect effects are the impacts of GM 
plants or associated agricultural practices on populations of nontarget species that 
depend on the target pests for survival or reproduction. 

The commercialized insect resistant Bt crops have been extensively tested for direct 
and indirect effects on nontarget organisms in both laboratory and field studies. Their 
direct toxicological effects on nontarget organisms (such as birds, fish, honeybees, 
ladybugs, parasitic wasps, lacewings, springtails, aquatic invertebrates, and earth- 
worms) have been minimal (54). It is noted that, in 1999, concerns temporarily rose 
over nontarget effects of Bt crops after Losey et al. (55) corresponded to Nature on the 
potential risk of com pollen expressing Bt Cry proteins to the monarch butterfly Danaus 
plexippus. According to this report, when young monarch larvae were given no choice 
but to feed on milkweed (Asclepias curassavica) leaves dusted with pollen from a Bt 
corn hybrid, they ate less, grew more slowly, and had a significantly higher mortality 
rate than larvae feeding on leaves dusted with nontransgenic pollen. 

Ecological risk is a function of exposure (environmental dose) and effect (toxico- 
logical response). The US Environmental Protection Agency (EPA) concluded that the 
potential impact of Bt com pollen on sensitive larvae of Lepidoptera was negligible 
because of factors that limit environmental exposure (56). The amount of pollen dusted 
onto the milkweed leaves was not quantified in the study of Losey et al. (55). As a 
result, it is impossible to establish a relationship between pollen exposure and effect 
from these data. Consequently, the US and Canadian governments, universities, and 
industries funded a series of studies to investigate further the nontarget effect of Bt 
corn pollen on the monarch butterfly in several US states and Canada (57-62). 

Based on the information produced by the collaborative research efforts. Sears et al. 
conducted a comprehensive risk assessment of the impact of Bt com on monarch but- 
terfly populations (63). They used a weight-of-evidence approach, an approach to risk 
assessment that has been performed for many nontarget species in relation to pesti- 
cides, industrial by-products, and other potential toxicants found in the environment. It 
requires consideration of both the expression of toxicity and the likelihood of exposure 
to the toxicant as the basic components for a risk assessment procedure. 
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In the assessment, information was sought on the acute toxic effects of Bt com pol- 
len and the degree to which monarch larvae would be exposed to toxic amounts of Bt 
pollen on its host plant milkweed found in and around cornfields (63). Expression of 
Cry proteins, the active toxicant found in Bt com tissues, differed among hybrids, espe- 
cially in the concentrations found in pollen of different events. In most commercial 
hybrids, Bt expression in pollen is low, and laboratory and field studies show no acute 
toxic effects at any pollen density that would be encountered in the field. Other factors 
mitigating exposure of larvae include the variable and limited overlap between pollen 
shed and larval activity periods, the fact that only a portion of the monarch population 
utilizes milkweed stands in and near cornfields, and the current adoption rate of Bt com 
at 19% of North American corn-growing areas. The article concluded that the impact 
of Bt corn pollen from current commercial hybrids on monarch butterfly populations is 
negligible (63). 

It should be pointed out that insect-resistant GM crops that express Bt endotoxins 
have the potential to complement the aims and tools of integrated pest management. 
Because of the specificity of Bt endotoxins, each protein only affects a relatively small 
set of related insect species, and unrelated nontarget species are unaffected. In contrast, 
many commonly used conventional insecticides, such as pyrethroids, have been shown 
to affect a broad range of nontarget species adversely, including natural enemies of 
insect pests. Replacing these chemicals with plant-incorporated protectants (such as Bt 
crops) should allow natural populations of predators and parasitoids to increase, which 
would be beneficial for biodiversity and improved control of pest species not directly 
impacted by the Bt crops. Head et al. initiated a set of large-scale, long-term field 
studies to evaluate the relative impact of a transgenic Cry 1 Ac cotton (Bollard®) and 
conventional varieties treated with insecticides on natural enemy abundance (64). It 
was found that, in fields where specific insecticide was used to control lepidopteran 
pests, a significant reduction in numbers of various arthropod natural enemies was 
observed relative to the Cry 1 Ac cotton fields where no chemical insecticide was needed 
to control the lepidopteran pests. Populations of predatory bugs, including Orius and 
Geocoris species, spiders, and ants, were all significantly decreased by chemical insec- 
ticide use relative to the Cry 1 Ac cotton fields (64). 

Besides the insect-resistant Bt plants, another major development of commercial 
GM plants is herbicide tolerance. Plants have been transformed with genes encoding 
enzymes to allow plants to tolerate the presence of herbicides, predominantly 
glyphosate (Roundup”^^) and glufosinate ammonium or phosphinothricin (Liberty ^^), 
both of which are considered relatively benign herbicides. Both of these are widely 
used broad- spectrum herbicides. The planting of herbicide-tolerant GM plants such as 
soybean, com, and canola leads to use of more environmentally friendly herbicides, 
which results in reduced direct toxicological effect to all kinds of organisms. On the 
other hand, it may potentially result in an indirect effect on some nontarget organisms 
(such as birds) that rely on the weeds as food and shelter. However, proper farming 
practices could alleviate this effect. 

Dewar et al. demonstrated how the development of appropriate weed management 
systems, used in conjunction with herbicide-tolerant GM crops (in this case, sugar beet) 
can result in more weeds and insects (which provide food and shelter to birds and other 
wildlife) without an adverse effect on the crop yield (65). The results of another study 
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(66) indicated that conservation tillage is an effective farming system in managing the 
nontarget effect of herbicide-tolerant crops (see Section 5.5). 

5 . 2 . Vertical Gene Flow and Weediness Potential of GM Plants 

Vertical gene flow is the flow of genetic material from parent plants to their descen- 
dants, with the descendants either clones of their parental plants or the result of mating 
between sexually compatible organisms (67). Weediness refers to the phenomenon of 
plants of any kind growing in the wrong place, causing damage, having no benefit, and 
suppressing cultivated plant species. It is a relative concept because one plant species 
can be considered a weed in one place and a useful species in another place. 

The potential of vertical flow of transgenes from GM plants to wild relatives receives 
high attention in the environmental risk assessment of GM plants. Vertical gene flow 
from GM plants to wild relatives requires successful hybridization to take place between 
GM plants and their wild relatives. It is known that many important crops, such as 
wheat, rice, com, soybean and oilseed rape, hybridize with wild relatives somewhere in 
the cultivation area (67). The concern is that, if expressed in the genetic background of 
a weed species, a transgene could potentially change the fitness of the wild relative. 

The possibility for increased fitness of transgenic hybrids and backcrosses depends 
on the nature of the transgenes. For example, weeds containing a transgene that confers 
resistance to a herbicide would be a nuisance to agriculture, but would have little effect 
in a nonagricultural environment in which the herbicide is not applied. In contrast, an 
insecticidal Bt transgene in a weed host could alter natural ecology by giving transgenic 
weeds a selective advantage as the result of natural insect pressure (68). 

As an example, oilseed rape (Brassica napus) is one of the transgenic crops for 
which gene flow to wild plants is a concern because it has many wild weedy relatives, 
such as birdseed rape (Brassica rapa) and wild radish (Raphanus raphanistrum), per- 
sisting in or near areas of cultivation. Much attention has been paid to the determina- 
tion of the actual gene flow from transgenic oilseed rape. Transgenic hybrids have 
been produced between B. rapa and transgenic oilseed rape modified with herbicide 
resistance genes and Bt genes under laboratory conditions (69-71 ). 

Halfhill et al. reported that, in a laboratory experiment, transgenic hybrids were 
obtained from crosses of six Cry 1 Ac oilseed rape lines and the weedy B. rapa; the 
hybrids exhibited an intermediate morphology between the parental species (71). The 
Bt transgene was present in the hybrids, and the Cry 1 Ac protein was synthesized at 
similar levels to the corresponding CrylAc oilseed rape lines. Insect bioassays con- 
firmed that the hybrid material was insecticidal. The hybrids were backcrossed with 
the weedy parent B. rapa, and only half the oilseed rape lines were able to produce 
transgenic backcrosses. After two backcrosses, the ploidy level and morphology of the 
resultant plants were indistinguishable from B. rapa. This study indicated that, in an 
open field of CrylAc oilseed rape, insect-resistant weedy B. rapa could be produced if 
proper preventive measures were not taken. 

It should be pointed out that transferring a resistance trait for one herbicide (such as 
glyphosate) to a weedy species does not alter the ability to control the weed with other 
herbicides or other control measures. Therefore, any potential problem may not be 
realized if farmers employ other weed control measures at different times of the year. 
Similarly, transfer of an insect resistance trait from a GM crop to a wild weedy relative 
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will only confer selective advantage to that relative when the target insect is a key 
factor regulating that particular weed population, which is rare. 

5.3. Concerns Regarding Horizontal Gene Transfer 
From GM Plants to Other Organisms 

Horizontal gene transfer (or flow) is the nonsexual or parasexual transfer of genetic 
material between organisms belonging to the same or different species. Although actual 
evidence of its occurrence or feasibility (except among bacteria and fungi) is exceed- 
ingly rare, the issue is taken seriously in the safety assessment of GM plants. The most 
relevant food safety issue concerning horizontal gene transfer is the potential conse- 
quence of the transfer of an introduced gene from material derived from a GM food to 
microorganisms in the gastrointestinal tract or mammalian cells in such a way that the 
gene can be successfully incorporated and expressed and result in an impact on human 
or animal health. 

Marker genes are inserted into GM plants to facilitate identification of genetically 
modified cells or tissue during development. There are several categories of marker 
genes, including herbicide resistance genes and antibiotic resistance genes. Examples 
of the antibiotic resistance marker genes used in plant genetic engineering include those 
that confer bacterial resistance to ampicillin, streptomycin, kanamycin, neomycin, 
hygromycin, or the like. Questions are raised on the potential for transfer of antibiotic 
resistance genes because these genes are the most likely to raise safety problems if they 
are transferred and expressed in gastrointestinal microflora or mammalian cells. 

The WHO held a workshop in 1993 titled “Health Aspects of Marker Genes in 
Genetically Modified Plants” (72). The Food and Agriculture Organization (FAO) and 
WHO also organized a joint expert consultation in 2000 on foods derived from bio- 
technology (73). The workshop and the joint consultation both concluded that there is 
no authentic recorded evidence for the transfer of genes from plants to microorganisms 
in the gut or to mammalian cells. The conclusion was based on the judgment that trans- 
fer of antibiotic resistance genes would be unlikely to occur given the complexity of 
steps required for gene transfer, expression, and impact on antibiotic efficacy. 

The transfer of plant DNA into microbial or mammalian cells under normal circum- 
stances of dietary exposure would require all of the following events to occur (73): (1) 
the relevant genes in the plant DNA would have to be released, probably as linear 
fragments; (2) the genes would have to survive nucleases in the plant and in the gas- 
trointestinal tract; (3) the genes would have to compete for uptake with dietary DNA; 
(4) the recipient bacteria or mammalian cells would have to be competent for transfor- 
mation, and the genes would have to survive their restriction enzymes; and (5) the 
genes would have to be inserted into the host DNA by rare repair or recombination 
events. There have been numerous experiments aimed at evaluating the possibility of 
transfer of plant DNA to microbes and mammalian cells. To date, there are no reports 
that marker genes in plant DNA transfer to these cells (73). 

Another concern is regarding horizontal gene transfer from GM plants to soil bacte- 
ria. Bacteria exist in soil in large numbers. DNA from crop plants has been shown to 
remain in soil for several months to several years (74,75), and there is evidence that 
some of this DNA is protected from soil nucleases by binding to clay or organic com- 
ponents of soil and remains capable of transforming bacteria. The amount of this DNA, 
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however, appears to be extremely small after months to a year (75 ), with the probabil- 
ity of transformation diminishing considerably with time. It should be noted that the 
majority of known bacteria are not naturally transformable. Horizontal gene transfer 
from transgenic plants to bacteria has not been demonstrated under field conditions 
(74,76). Even with much larger concentrations of DNA, transformation with plant 
transgenes has only been accomplished at low frequencies and under optimized condi- 
tions, that is, when homology to existing DNA in the recipient bacteria occurs, as well 
as high selection pressure for the horizontal transfer event (77,78). When homology 
does not occur, horizontal transfer has not been observed, even at extremely low fre- 
quencies of less than about 10^ to 10^^ (75,77). Therefore, DNA transfer occurs rarely, 
if at all, from plants to soil bacteria (54). 

5.4. Concerns Regarding Insects Developing Resistance to Bt Plants 

Insects are a major cause of crop damage. They have proved to be remarkably adapt- 
able and capable of developing resistance to a broad range of pesticides. This is not a 
new issue to agriculture, and breeders and pesticide developers constantly struggle to 
stay ahead of evolving plant pests. The insect-resistant Bt plants have many environ- 
mental advantages over conventional pest control with chemical insecticides. When 
pressure from pests is high, Bt crops produce greater yields. However, there have been 
concerns that the widespread planting of genetically modified Bt plants might hasten 
the development of insect resistance to Bt endotoxins. To prevent or delay the emer- 
gence of insect resistance to Bt crops, the biotechnology industry, the regulatory au- 
thorities, and farmers have worked together to develop and implement insect resistance 
management (IRM) programs. 

An IRM plan specifies the practices aimed at reducing the fitness advantage of alle- 
les that code for resistance, thereby delaying the development of insect resistance to Bt 
crops. It also includes resistance monitoring for the development of resistance (and 
increased insect tolerance of the protein), grower education, a remedial action plan (if 
resistance is identified), annual reporting, and communication (54). A scientific basis 
for an IRM plan requires understanding of pest biology and ecology, population genet- 
ics, farmer practices, and the environment. IRM is required by the US EPA and is a 
component of the seed contracts that biotechnology companies sign with farmers. Since 
1995 when the first Bt plant was registered for commercialization, there has been no 
case of Bt crops leading to insect resistance. 

One strategy of IRM is the use of high dose and planting of a refuge (a portion of the 
total acreage planted with non-B^ seed) to provide sufficient numbers of susceptible 
adult insects. This strategy is based on the assumption that resistance to Bt is recessive 
and is conferred by a single locus with two alleles resulting in three genotypes: suscep- 
tible homozygotes (SS), heterozygotes (RS), and resistant homozygotes (RR). Allele R 
codes for resistance, and allele S codes for susceptibility. It also assumes that there is a 
low initial resistance allele frequency, and that there will be extensive random mating 
between resistant and susceptible adult insects. The high dose provides a high likeli- 
hood that resistance will be functionally recessive (i.e., RS individuals will have fit- 
ness similar to SS individuals). Under ideal circumstances, only rare RR individuals 
will survive a high dose produced by the Bt crop. Both SS and RS individuals will be 
susceptible to the Bt toxin. A structured refuge of a non-Bt portion in a grower’s field 
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will provide for the production of susceptible (SS) insects that may randomly mate 
with rare resistant (RR) insects to produce susceptible RS heterozygotes, which will be 
killed by the Bt crop. This will remove resistant alleles from the insect population and 
delay the evolution of resistance (54,79). 

IRM strategies can be further enhanced by multiple genes. For example, Bt crops 
with two or more Bt genes active against the same target pest are under development. 
For such stacked Bt crops, insects would have to develop resistance to two or more 
toxins simultaneously to survive. Under most circumstances, such resistance is 
expected to evolve extremely slowly (79). 

5 - 5 . Environmental Benefits Caused by Plantation of GM Plants 

The United States grows the largest area of GM crops in the world, with 35.7 and 39 
million ha of GM crops in 2001 and 2002, respectively (1). The widespread adoption of 
GM technology in major commodity crops has resulted in significant yield increases, 
savings for growers, and huge reductions in pesticide use, which brought significant envi- 
ronmental and ecological benefits. Insect resistance and herbicide tolerance traits account 
for the majority of currently adopted GM crops. A comprehensive study conducted by the 
National Center for Food and Agricultural Policy in the United States revealed huge eco- 
nomic and environmental benefits because of plantation of GM crops (80). 

According to the National Center for Food and Agricultural Policy study, in 2001, 8 
GM cultivars adopted by US growers reduced chemical pesticide use by 46 million 
pounds and increased crop yields by 4 billion pounds, adding an extra $1.5 billion 
value to the growers. These cultivars include insect-resistant com and cotton; herbi- 
cide-tolerant canola, corn, cotton, and soybean; and vims-resistant papaya and squash. 
In addition to these 8, many other GM cultivars have been or are under development to 
control pests. Case study analyses of 32 such cultivars under development showed that 
they would cut chemical pesticide use by another 117 million pounds per year and 
increase crop yields by an additional 10 billion pounds, adding another $1 billion net 
value to the US growers. In addition, the study also pointed out that the next wave of 
GM cultivars would emphasize prevention of crop diseases and nematodes. Examples 
of these cultivars are fungus-resistant barley; virus- and fungus-resistant potatoes; and 
virus- and bacteria-resistant grapes, stone fruit, and citrus. It predicted that the next 
wave of GM cultivars could result in the reduction of chemical pesticide use in the 
United States by another 170 million pounds per year. 

Besides the large-scale reduction of chemical pesticide use, another example of 
environmental benefit because of adoption of GM crops is regarding low- or no-till 
agricultural practices. Most of the land that today makes up America’s row-crop farms 
was vast expanses of grasslands or forests 200 years ago. The cycle of natural plants 
created a deep layer of litter, which protected the soil from wind and water erosion and 
temperature extremes. As plants decayed, carbon and other nutrients returned to the 
soil. Water, instead of mnning off fields, seeped back into the soil, replenishing ground- 
water and nearby streams. These areas supported an ecological cycle that was changed 
radically after settlers first put plows to the soil. Organic matter has been lost, and 
erosion has taken topsoil. 

A comprehensive study conducted by the Conservation Technology Information 
Center (CTIC) at Purdue University found that within the past decade, however, many 
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farmers in the US have begun to practice conservation tillage and recreate the cycle 
that once characterized the prairie soils and forests before they were cleared for farm- 
ing (66). Instead of plowing and disking their fields before planting, many farmers are 
leaving the residue of the previous crop on the soil surface. This layer of decaying plant 
material provides protective litter and begins to create conditions that existed before 
people first began to till the soil. 

Conservation tillage, as defined by the CTIC, means any minimal tillage system that 
leaves the soil surface at least 30% covered by crop residue. Conservation tillage has a 
number of environmental benefits, including reduced soil erosion; improved moisture 
content in soil; healthier, more nutrient-enriched soil; more earthworms and beneficial 
soil microbes; reduced consumption of fuel to operate equipment; the return of benefi- 
cial insects, birds, and other wildlife in and around fields; less sediment and chemical 
runoff entering streams; and reduced potential for flooding (66). 

The CTIC study found an association between the introduction of GM crops and a 
35% increase in no-till acres in the United States. Because the main reason farmers till 
their soil is to control weeds, with herbicide-tolerant GM crops farmers can allow weeds 
to emerge with their crops and then apply herbicide over the top of their crop, removing 
the weeds without harming the GM crops. This improvement in weed control gives 
increased confidence that weeds can be controlled economically without relying on 
tillage. The study found that the no-tillage system has grown more than other reduced 
tillage systems since 1996 (when GM crops were first introduced commercially), and 
nearly all the growth has occurred in crops for which the herbicide tolerance trait is 
available: soybean, cotton, and canola. 

According to the CTIC study (66), conservation tillage and the Conservation Reserve 
Program have reduced soil erosion by 1 billion tons per year, which is a 30% reduction 
since the early 1980s when traditional plowing methods were more common. Reducing 
sediment flow into streams and rivers improves water quality and aquatic habitat and 
eases flooding. Minimizing sediment flow is particularly helpful because soil often 
carries organic carbon that reacts with chlorine in water treatment systems to create 
carcinogens that must be filtered and removed. The study credited reduced tillage prac- 
tices with a savings of $3.5 billion in 2002 in water treatment and storage, waterway 
maintenance, navigation, fishing, flooding, and lost recreation costs. 

Americans now have cleaner and more affordable drinking water because farmers 
tripled the number of acres they planted with conservation tillage in the past two 
decades, and the trend will continue as more farmers plant GM crops and convert to no- 
till farming systems. Because conservation tillage requires fewer trips across the field 
for weed control, farmers are using 306 million fewer gallons of fuel per year to power 
their equipment. It also reduces the amount of carbon dioxide released into the air by as 
much as 1 billion pounds per year over the traditional plowing practices of a generation 
ago. In addition to building healthier soils, the study concluded that cropland in conser- 
vation tillage provides a more benignant environment for wildlife, such as birds and 
insects. The study noted that wildlife, such as quail, thrives by cutting the time of their 
daily hunt for food as much as 80% in no-till soybean fields vs traditional plowed 
soybean fields. Meanwhile, no-till fields have three to six times as many soil-loosening 
earthworms that help incorporate organic residues, aerate the soil, and improve water 
filtration. 
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Fig. 1. Structure of risk analysis (81). 



6. Scientific Principies and Approaches in the Food Safety Assessment 
of GM Piants 

6. 1. The Principle of Risk Analysis 

Regulatory authorities base GM food safety and environmental risk analysis on the 
general principle of risk analysis defined by the Codex Alimentarius Commission 
(Codex). The Codex was established in 1963 to implement the joint FAOAVHO Foods 
Standards Program. Codex is an intergovernmental statutory body with a 165-country 
membership. Its purpose is to protect the health of consumers, to ensure fair practices 
in food trade, and to promote coordination of all food standards work undertaken by 
international governmental and nongovernmental organizations. According to Codex’s 
definition, risk analysis has three components: risk assessment, risk management, and 
communication of risk (Fig. 1). 

Risk assessment includes a safety assessment, which is designed to identify whether 
a hazard (nutritional or other safety concern is present), and if present, to gather infor- 
mation on its nature and severity. The safety assessment of GM foods should include a 
comparison between the food derived from modern biotechnology and its conventional 
counterpart, focusing on determination of similarities and differences (see Section 6.2). 
If a new or altered hazard (nutritional or other safety concern) is identified by the safety 
assessment, the risk associated with it should be characterized to determine its rel- 
evance to human health. A safety assessment is characterized by an assessment of a 
whole food or a component thereof relative to the appropriate conventional counter- 
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part. It should be conducted by taking into account both intended and unintended 
effects, identifying new or altered hazards, and identifying changes in key nutrients 
relevant to human health (82). It is noted that diminished risk from natural plant toxi- 
cants and fungal mycotoxins and improved nutrition are not considered in contempo- 
rary risk assessment of new insect-resistant GM plant varieties. This benefit (not risk) 
should be taken into consideration if crop protection technologies are to be given a 
scientifically rational review. 

Risk management measures for GM foods should be proportional to the risk, based 
on the outcome of the risk assessment and, if relevant, taking into account other legiti- 
mate factors. It should be recognized that different risk management measures may be 
capable of achieving the same level of protection regarding the management of risks 
associated with safety and nutritional impacts on human health and therefore would be 
equivalent. Risk managers should take into account the uncertainties identified in the 
risk assessment and implement appropriate measures to manage these uncertainties. 
Risk management measures may include, as appropriate, food labeling, conditions for 
marketing approvals and postmarket monitoring. Postmarket monitoring may be an 
appropriate risk management measure in specific circumstances. Its need and utility 
should be considered, on a case-by-case basis, during risk assessment, and its practica- 
bility should be considered during risk management (82). 

Effective risk communication is essential at all phases of risk assessment and risk 
management. It is an interactive process involving all interested parties, including gov- 
ernment, industry, academia, media, and consumers. Risk communication should 
include transparent safety assessment and risk management decision-making processes. 
These processes should be fully documented at all stages and open to public scrutiny, 
yet respect legitimate concerns to safeguard the confidentiality of commercial and 
industrial information. In particular, reports prepared on the safety assessments and 
other aspects of the decision-making process should be made available to all interested 
parties (82). The risk communication process implemented by the Australian govern- 
ment during the genetically modified organism (GMO) approval process is an excel- 
lent example (see Section 7.2). 

The risks associated with foods derived from GM plants are not inherently different 
from the risks associated with conventional ones. Those most likely to be related to 
consumption of GM foods concern toxic effects, allergic reactions, and changes in 
nutrient composition. The process of risk assessment begins with identification and 
characterization of any potential hazards regarding toxicity, allergenicity, and nutrition 
of a new GM food. This is followed by an assessment of human exposure to the 
expressed trait associated with the hazards that have been identified. 

6.2. Substantial Equivalence 

6.2. 1. The Concept of Substantial Equivalence 

Because of the difficulties of applying traditional toxicological testing and risk 
assessment procedures to whole foods, a different approach is required for the safety 
assessment of foods derived from GM plants. This has been addressed by the develop- 
ment of a multidisciplinary approach for assessing safety of GM foods using the con- 
cept of substantial equivalence. 
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The use of animals for assessing toxicological end points is a major element in the 
risk assessment of many compounds, such as pesticides. In most cases, the substance to 
be tested is well characterized, of known purity, and of no particular nutritional value, 
and human exposure to it is generally low. It is therefore relatively straightforward to 
feed such compounds to animals at a range of doses several orders of magnitude greater 
than the expected human exposure levels to identify any potential adverse health effects 
of importance to humans. 

However, animal studies cannot readily be applied to testing the risks associated 
with whole foods, which are complex mixtures of compounds often characterized by a 
wide variation in composition and nutritional value. Because of their bulk and effect on 
satiety, they can usually only be fed to animals at low multiples of the amounts that 
might be present in the human diet. In addition, a key factor to consider in conducting 
animal studies on foods is the nutritional value and balance of the diets used to avoid 
the induction of adverse effects that are not related directly to the material itself. 
Detecting any potential adverse effects and relating these conclusively to an individual 
characteristic of the food can therefore be extremely difficult (82). 

The concept of substantial equivalence was elaborated within the Organization for 
Economic Cooperation and Development (OECD) (83). Determining substantial 
equivalence entails consideration of the trait encoded by the genetic modification; phe- 
notypic characterization of the new food source compared with an appropriate com- 
parator (conventional counterpart) already in the food supply; and compositional 
analysis of the new food source or the specific food product compared with the conven- 
tional counterpart (84). The OECD has agreed that safety assessment based on substan- 
tial equivalence is the most practical approach to address the safety of foods and food 
components derived through modem biotechnology. The concept of substantial equiva- 
lence embodies the idea that existing organisms used as food, or as a source of food, 
can be used as the basis for comparison when assessing the safety of human consump- 
tion of a food or food component that has been modified or is new (83). 

In 1996, an FAOAVHO consultation endorsed the application of substantial equiva- 
lence in the safety assessment of GM foods (84). It recognized that the establishment of 
substantial equivalence is not a safety assessment per se, but that establishing the char- 
acteristics and composition of the new GM food as equivalent to those of a familiar, 
conventional food with a history of safe consumption implies that the new food will be 
no less safe than the conventional food under conditions of similar exposure, consump- 
tion patterns, and processing practices. Substantial equivalence is not intended to be a 
measure of absolute safety; instead, it recognizes that, although demonstrating abso- 
lute safety is an impractical goal, it is possible to show that a GM product is no less safe 
than a conventional food product. 

Three possible scenarios are envisaged as a result of a substantial equivalence evalu- 
ation (84)\ 

1. When substantial equivalence has been established for an organism or food product, it is 
considered to be as safe as its conventional counterpart, and no further safety evaluation is 
needed. 

2. When substantial equivalence has been established apart from certain defined differences, 
further safety assessment should focus on these differences. A sequential approach should 
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focus on the new gene products and their structure, function, specificity, and history of 
use. If a potential safety concern is indicated for the new gene products, further in vitro or 
in vivo studies may be appropriate. 

3. When substantial equivalence cannot be established, this does not necessarily mean that 
the food product is unsafe. Not all such products will require extensive safety testing. The 
design of any testing program should be established on a case-by-case basis, taking into 
account the reference characteristics of the food or food component. Further studies, in- 
cluding animal feeding trials, may be required, especially when the new food is intended 
to replace a significant part of the diet. 

One important benefit of the substantial equivalence concept is that it provides flex- 
ibility that can be useful in food safety assessment. It is a tool that helps identify any 
difference, intended or unintended, that might be the focus of further safety evaluation. 
Because it is a comparative process for evaluating safety, the determination of substan- 
tial equivalence can be performed at several points along the food chain (e.g., at the 
level of the harvested or unprocessed food product, individual processed fractions, or 
the final food product or ingredient). Although from a practical point of view substan- 
tial equivalence should typically be determined at the level of the unprocessed food 
product, the flexibility of the concept permits the determination to be targeted at the 
most appropriate level based on the nature of the product (49). 

6.2.2. Application of Substantial Equivalence 

Applying the substantial equivalence concept involves a comparison of a GM food 
with an appropriate conventional counterpart that has an acceptable history of safe 
food use. The choice of conventional counterpart is crucial to effective application of 
the concept of substantial equivalence to establish the safety of a GM food. The con- 
ventional counterpart used in this assessment should ideally be the near-isogenic 
parental line. In practice, this may not be feasible at all times, in which case a line as 
close as possible should be chosen. In addition, an appropriate conventional counter- 
part must have a well-documented history of use. The amount and type of data required 
for the assessment of substantial equivalence depends on the plant species, end prod- 
ucts, and how the plant is used in food production. The data can be chemical (composi- 
tional), morphological, agronomic, or physiological in nature. If the application only 
covers one specified product, such as oil from canola, the analysis will be narrowed. 

When the comparison is made at the plant level, the data required for assessment of 
substantial equivalence could be divided into three sets (85). The first set should include 
the kind of data normally used for the characterization of the organism at the appropri- 
ate taxonomic classification level (such as subspecies, variety, cultivar) and data on 
agronomic performance. For plants, this includes the morphological description, flow- 
ering period, time to maturity, resistance to disease and stress, reproductive viability, 
yield, and the like. The second set of data is related to the final product used by the 
consumers. For example, canola is used to produce vegetable oil for human consump- 
tion. In this case, the content of triglycerides and fatty acid composition is the most 
important data to obtain. The third set of data is on the key nutrients, antinutrients, 
toxicants, and allergens of a particular plant as a whole. This is the so-called composi- 
tion analysis. The specific substances to be analyzed vary among crops, but generally 
they include (1) proximate analysis (the content of moisture, protein, carbohydrates. 
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glycerides, ash, and fiber); (2) protein and amino acids profile; (3) quantitative and 
qualitative composition of lipids and complete fatty acid profile; (4) composition of 
carbohydrate fractions; (5) vitamin profile; (6) mineral profile; (7) levels of toxicants 
and antinutrients; (8) secondary plant metabolites; and (9) major known allergens. 

In addition, specific types of modification may introduce or alter specific com- 
pounds. These can be assessed on a case-by-case basis. For example, introduction of 
genes encoding herbicide tolerance may detoxify the herbicide in the plant, thereby 
generating intermediate metabolites as residues as well as the parent molecule of the 
herbicide. Safety assessment of such plants requires investigation of herbicide residue 
and metabolite levels in addition to the general composition analysis. When altered 
residue or metabolite levels are identified in foods, consideration should be given to 
the potential impacts on human health using conventional procedures for establishing 
the safety of such metabolites. 

Data collected from a GM plant or food should be compared with that from a con- 
ventional counterpart. In many cases, the data on the conventional counterpart is avail- 
able in databases, handbooks, or other publications. An International Network of Food 
Data Systems (INFOODS; www.fao.org/infoods) was established in 1984 under the 
auspices of the UN University to coordinate efforts to improve the quality and avail- 
ability of food analysis data worldwide. INFOODS has provided leadership and an 
administrative framework for the development of standards and guidelines for collec- 
tion, compilation, and reporting of food component data. It is establishing and coordi- 
nating a global network of regional data centers directed toward the generation, 
compilation, and dissemination of accurate and complete data on food composition. It 
is also the generator and repository of special international databases and serves as a 
general and specific resource for persons and organizations interested in food composi- 
tion data on a worldwide basis. The Secretariat of INFOODS has developed the neces- 
sary software for the electronic storage of food composition data and its interchange 
among databases. In addition, the International Life Sciences Institute (ILSI) released 
an on-line comprehensive crop composition database that is available for public use 
via the Internet (www.cropcomposition.org). 

If analytical data on the composition of a selected conventional counterpart is not 
already available, the data can be generated along with the data on GM food. The 
location of trial sites for compositional analysis should be representative of the range 
of environmental conditions under which the plant varieties would be expected to be 
grown. The number of trial sites should be sufficient to allow accurate assessment of 
compositional characteristics over this range. To minimize environmental effects and 
to reduce any effect from naturally occurring genotypic variation within a crop variety, 
each trial site should be replicated. An adequate number of plants should be sampled, 
and the methods of analysis should be sufficiently sensitive and specific to detect varia- 
tions in key components. 

Food composition data are obtained by various analytical methods (such as spec- 
troscopy, chromatography, electrophoresis, mass spectrometry). This analytical ap- 
proach serves well with the GM products, for which a limited number of foreign genes 
are transformed, which has been the case for the GM plants introduced on the market 
so far. Future genetic modification may employ an increasing number of multiple genes, 
which allows the introduction of new metabolic pathways. This may render the assess- 
ment of substantial equivalence more difficult solely by individual component analysis 
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because unforeseen secondary effects may not be identified. New technologies and 
approaches, such as metabolite profiling (86), nucleic acid or protein microarray (87), 
and in vitro screening tests of whole food extracts (88), are under development and 
evaluation and could provide additional future tools for identifying any important dif- 
ferences between GM plants and their nontransgenic counterparts. 

It should be noted that, when substantial equivalence has been established, this does 
not mean that a GM product is identical to the conventional counterpart. Because the 
comparison does not take all components into account, substantial equivalence only 
provides assurance that those components most likely to be relevant to the product’s 
safety are present in equivalent amounts. Because the comparative approach links the 
composition of the new food to existing products with a history of safe use, the new 
food’s impact in the diet can be predicted. Applying the concept allows everything that 
is the same between the GM food and conventional food to be considered safe. The 
statistical significance of any observed differences should be assessed in the context of 
the range of natural variations for that parameter to determine its biological signifi- 
cance (49). Differences identified in the comparison are the focus for further scrutiny 
involving traditional nutritional, toxicological, or immunological testing or long-term 
studies, depending on the identified differences. In many cases, the differences are the 
new genes, the new proteins, and possible other components. 

6.3. The New Gene 

Risks associated with DNA consumption per se are the same for DNA derived from 
both conventional and GM plants (89). The US Food and Drug Administration (FDA) 
has concluded that DNA is generally regarded as safe, independent of its source, inas- 
much as all DNA is composed of the same four components, which are and always 
have been constituents in nonprocessed or whole foods (90). Therefore, the safety 
evaluation of the newly inserted DNA focuses on potential risks associated with acqui- 
sition and expression of the specific genetic information inserted into the plant if the 
DNA were to transfer to human, animal, or bacterial cells. 

The origin and nature of all the genetic elements that have been introduced into the 
GM plants need to be provided by the developer, including structural and regulatory 
sequences and any remaining parts of vector sequences. The possibility of horizontal 
gene transfer and its consequences are also considered. If transfer of antibiotic resis- 
tance genes were to occur, the potential significance to human health would need to be 
considered in relation to existing levels of antibiotic-resistant microorganisms in the 
human gut or other parts of the body. Approval of antibiotic resistance genes has been 
restricted to those resistance markers for which resistance is already widespread in 
nature. It is recommended that the gene selected be a resistance marker to an antibiotic 
that is not used to a significant extent in human or veterinary medicine. It should be 
noted that some GM crops do not contain antibiotic resistance marker genes, and that 
new marker genes and selection strategies that reduce the need for antibiotic resistance 
markers are under development (25). 

To provide a clear understanding of the impact on the composition and safety of GM 
foods, a comprehensive molecular and biochemical characterization of the genetic 
modification to the plants should be carried out. Information should be obtained on the 
DNA insertion into the plant genome. The number of insertion sites should be identi- 
fied. The organization of the inserted genetic material at each insertion site, including 
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copy number and sequence data of the inserted material and of the surrounding region 
(border sequences), should be characterized clearly to identify any substances 
expressed as a consequence of the inserted material. Analysis of the expressed prod- 
ucts (i.e., proteins) of the new genes should be conducted by standard purification and 
characterization techniques. Any open reading frames within the inserted DNA or cre- 
ated by the insertions with contiguous plant genomic DNA, including those that could 
result in fusion proteins, should be identified. 

6.4. The New Protein 

6.4.1. Toxicity Assessment 

Hazard identification requires knowledge of which introduced genes are expressed; 
the characteristics, concentration, and localization of the expressed proteins; and the 
consequences of expression. If the GM food differs from its traditional counterpart by 
the presence of one or a few novel proteins, it is possible to assess the potential toxicity 
of these proteins in a manner analogous to traditional toxicity testing ( 73 ). That is, the 
assessment is applied to the novel protein itself rather than the whole food. In consider- 
ing the potential toxicity of a novel protein, it is first important to determine whether it 
is likely to be present in the food as consumed and thus whether exposure is likely. 
Once likely human exposure to a novel protein is established, a number of different 
pieces of information can collectively be used to demonstrate there is a reasonable 
certainty that no harm will result from that exposure. 

An assessment of potential toxicity of a novel protein should consider such factors 
as the following: (1) whether the novel protein has a prior history of safe human con- 
sumption or is sufficiently similar to proteins that have been safely consumed in food; 
(2) whether there is any amino acid sequence homology between the novel protein and 
known protein toxins and antinutrients; and (3) whether the novel protein causes any 
adverse effects in acute oral toxicity testing. 

Acute oral toxicity testing is an important component of the safety assessment of 
novel proteins and is particularly useful when there is no prior history of safe consump- 
tion of the protein. Acute tests should be sufficient because — if toxic — proteins are 
known to act via acute mechanisms, and laboratory animals have been shown to exhibit 
acute toxic effects from exposure to proteins known to be toxic to humans ( 91 ). The 
acute toxicity tests are performed using purified protein administered at very high dose 
levels, usually many orders of magnitude above the anticipated level of human expo- 
sure. Ideally, the protein to be tested should be that directly purified from the GM 
plant. However, protein produced from alternative sources (such as recombinant bacte- 
ria) is often used because, in certain cases, it is infeasible to obtain sufficient quantities 
of the purified protein from the GM plants in which the proteins are expressed in very 
low amount. In such cases, it is essential to ensure that the recombinant protein pro- 
duced for testing is structurally, functionally, and biochemically equivalent to that 
present in the GM plants ( 82 ). 

6.4.2. Allergenicity Assessment 

There is no definitive reliable test to predict allergic response in humans to a novel 
protein; therefore, it is recommended that an integrated, stepwise, case-by-case 
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approach be used in the assessment of possible allergenicity of proteins (82). In 1996, 
the International Food Biotechnology Council and the Allergy and Immunology Insti- 
tute of the International Life Sciences Institute (IFBC/ILSI) presented a decision tree 
approach to the evaluation of the potential allergenicity of introduced novel proteins in 
GM foods (26). It is a strategy that focuses on the source of the gene, the sequence 
homology of the newly introduced protein to known allergens, the immunoaffinity of 
the newly introduced protein with IgE from the blood serum of individuals with known 
allergies to certain foods and the physicochemical properties of the newly introduced 
protein (26). 

The issue of allergenicity of genetically modified foods was specifically addressed 
by the 1996 Joint FAO/WHO Consultation on Biotechnology and Food Safety (84). An 
assessment approach similar to that developed by IFBC/ILSI was advocated. In the 
2000 Joint FAO/WHO Consultation on Safety Aspects of Genetically Modified Foods 
of Plant Origin, the IFBC/ILSI decision tree approach was adapted with modification 
(73). The decision tree was furthered modified in the 2001 Joint FAO/WHO Expert 
Consultation on Allergenicity of Foods Derived from Biotechnology (Fig. 2). 

The Codex ad hoc Intergovernmental Task Force on Foods Derived From Biotech- 
nology further considered the FAO/WHO 2001 decision tree and came to the conclu- 
sion that it was not possible scientifically to arrive at clear yes/no decisions at each and 
every step in the decision process. The task force therefore recommended a more holis- 
tic approach that took into account a broader range of information to be examined in a 
stepwise and structured manner (82). Based on the Codex draft guidelines, the initial 
steps in assessing possible allergenicity of any newly expressed proteins are the deter- 
mination of the source of the introduced protein; any significant similarity between the 
amino acid sequence of the protein and that of known allergens; and the properties of 
the protein, such as its susceptibility to enzymatic degradation (82). 

6.4.2. 1 . Source of the Protein 

It is important to establish whether the source of the introduced protein is known to 
cause allergic reactions. Genes derived from known allergenic sources should be as- 
sumed to encode an allergen unless scientific evidence demonstrates otherwise ( 82 ). 
Allergenic sources of genes would be defined as those organisms for which reasonable 
evidence of IgE-mediated oral, respiratory, or contact allergy is available. Knowledge 
of the source from which the introduced protein is derived allows the identification of 
tools and relevant data to be considered in the allergenicity assessment. These include 
the availability of sera for screening purposes; documented type, severity, and fre- 
quency of allergic reactions; structural characteristics and amino acid sequence; physi- 
cochemical and immunological properties (when available) of known allergenic 
proteins from that source. 

6. 4. 2. 2. Amino Acid Sequence Homology 

The purpose of a sequence homology comparison is to assess the extent to which a 
newly expressed protein is similar in structure to a known allergen. This information 
may suggest whether that protein has an allergenic potential. Sequence homology 
searches comparing the primary structure of the newly expressed protein with all known 
allergens should be done. Searches should be conducted using various algorithms to 
predict overall similarities. Strategies such as stepwise contiguous identical amino acid 




322 



Gao 




Fig. 2. FAOAVHO 2001 decision tree of assessment of allergenic potential of foods derived 
from biotechnology (25). 



segment searches may also be performed for identifying sequences that may represent 
linear epitopes. The size of the contiguous amino acids search should be based on a 
scientifically justified rationale to minimize the potential for false-negative or false- 
positive results (82). Generally 8 contiguous amino acids are considered the appropri- 
ate size for linear epitope identification, although the size of 6 contiguous amino acids 
is also used (25). It should be noted that the smaller the size of the peptide, the greater 
the likelihood for a false-positive result. IgE cross-reactivity between the newly 
expressed protein and a known allergen should be considered a possibility when there 
is more than 35% identity in a segment of 80 or more amino acids (25). 

A negative sequence homology result indicates that a newly expressed protein is not 
related to a known allergen and is unlikely to be cross-reactive to known allergens. A 
result indicating absence of significant sequence homology should be considered along 
with the other test data. A positive sequence homology result indicates that the newly 
expressed protein must be more closely scrutinized as a potential allergen. If the prod- 
uct is to be considered further, it should be assessed using serum from individuals 
sensitized to the identified allergenic source (25,82). 
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6. 4. 2. 3. Pepsin Resistance 

It is generally recognized that food allergens tend to resist pepsin digestion (see Sec- 
tion 3.2). Pepsin resistance is suggested and commonly conducted as a test in allergenicity 
assessment of novel proteins (25,82). The resistance of a protein to degradation in the 
presence of pepsin under appropriate conditions indicates that further analysis should be 
conducted to determine the likelihood the newly expressed protein is allergenic. How- 
ever, it should be taken into account that a lack of resistance to pepsin does not exclude 
the possibility that the newly expressed protein can be a relevant allergen (82). Pepsin 
resistance test results should be considered along with other test data. 

6. 4. 2. 4. Other Considerations 

As scientific knowledge and technology evolves, other methods and tools may be 
considered in assessing the allergenicity potential of newly expressed proteins as part of 
the assessment strategy. These methods should be scientifically sound and may include 
specific serum screening; targeted serum screening; and the use of animal models. 

For those proteins that originate from a source known to be allergenic (such as 
soybean) or to have sequence homology with a known allergen, specific serum screen- 
ing should be performed if sera are available. Sera from individuals with a clinically 
validated allergy to the source of the protein can be used to test the specific binding to 
IgE antibodies of the protein in in vitro assays. A critical issue for testing will be the 
availability of human sera from sufficient numbers of individuals. A minimum of 8 
relevant sera is required to achieve a 99% certainty that the new protein is not an aller- 
gen in the case of a major allergen. A minimum of 24 relevant sera is required to 
achieve the same level of certainty in the case of a minor allergen (25). In the case of a 
newly expressed protein derived from a known allergenic source, a negative result in in 
vitro immunoassays may not be considered sufficient, but should prompt additional 
testing, such as the possible use of skin test and ex vivo protocols (82). A positive 
result in such tests would indicate a potential allergen. 

For proteins from sources not known to be allergenic and that do not exhibit sequence 
homology to a known allergen, targeted serum screening may be considered if such 
tests are available (82). For targeted serum screening, six groups of source organisms 
are distinguished: yeasts/molds, monocots, dicots, invertebrates, vertebrates, and “oth- 
ers” (25). A panel of 50 serum samples with high levels of IgE to allergens in the 
relevant group is used to search for IgE antibodies that are cross-reactive with the 
expressed protein. If a positive reaction is obtained with one of these sera, the ex- 
pressed protein is considered an allergenic risk, and further evaluation for allergenicity 
would typically not be necessary. If a gene was obtained from a bacterial source, no 
targeted serum screening would be possible because no normal population of individu- 
als are known to be sensitized to bacterial proteins (25). 

Despite increasing research efforts to develop suitable animal models that can mimic 
the induction of an IgE antibody response and the induction of symptoms on a chal- 
lenge reaction like those observed in human allergic patients, no validated and widely 
accepted animal model is yet available (92). An ideal animal model should satisfy 
several important criteria (27,92), such as the following: 

1. Sensitization and challenge should occur orally. 

2. Adjuvants are not needed. 
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3. The test animal should produce a significant amount of IgE or other Th2-specific antibody. 

4. The test animal should tolerate most food proteins. 

5. On a challenge with the allergen, clinical reactions with respect to organ sensitivities 
should be similar to those seen in humans. 

6. Antibody responses should be directed to similar proteins in the allergenic food as found 
in patient sera. 

7. Tests with the model should be relatively easy to conduct and reproducible both in time 
and in different laboratories. 

Several animal models have been reported for assessing on a relative scale the po- 
tential allergenicity of proteins; these models include the Brown Norway rat (93,94), 
mice (95,96), and guinea pigs (97). 

7. International Regulatory Frameworks on GM Plants 
7. 1. The United Nations 

Today, many countries have their own regulatory framework for safety assessment, 
approval, and handling of products derived from GMOs; however, they are not neces- 
sarily consistent in the basic approach or methodologies (98). Other countries, espe- 
cially many developing nations, have not established a competent regulatory system 
dealing with modem biotechnology. International agencies, particularly FAO, WHO, 
and OECD, have been very active in providing an international platform for the estab- 
lishment of a global consensus on the safe use of biotechnology and regulation of foods 
derived from modern biotechnology. Since 1990, FAO and WHO have convened a 
series of joint expert consultations to provide advice to member countries and to the 
Codex Alimentarius Commission on the safety assessment of GM foods. The 1990 
joint expert consultation concluded that foods from modem biotechnology were not 
less safe than those from traditional technology. The 1996 consultation recommended 
that the principle of substantial equivalence was an important component in the safety 
assessment of foods derived from GM plants (84). 

The 2000 consultation reviewed experience gained in this field since 1996 and dis- 
cussed overall safety aspects of foods derived from GM plants (73). This consultation 
acknowledged that applying traditional toxicological studies and risk assessment pro- 
cedures to whole foods is difficult because foods are complex mixtures of compounds 
characterized by wide variation in composition and nutritional value. It also recog- 
nized the fact that foods have been accepted as safe, although very few have been 
subjected to toxicological studies. Therefore, for the safety assessment of foods derived 
from GM plants, the consultation agreed that a different approach is required in which 
a safety assessment concentrates on the differences from its traditional counterpart after 
applying the concept of substantial equivalence rather than establishing absolute safety 
by conducting safety assessment on whole foods. 

The 2000 consultation further noted several critical points in conducting safety 
assessment or in securing safety (98): 

1 . The safety assessment of GM foods requires methods to detect and evaluate the impact of 
unintended effects, such as the acquisition of new traits or loss of existing traits. 
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2. When the change in nutrient levels in a particular plant has an impact on overall dietary 
intake, it is important to monitor changes in dietary patterns as a result of the introduc- 
tion of the GM foods and evaluate its potential effects on nutritional and health status of 
consumers. 

3. The transfer of genes from commonly allergenic foods should be discouraged unless it can 
be documented that the genes transferred do not code for an allergen. 

4. The horizontal gene transfer from plants and plant products consumed as food to gut 
microorganisms or human cells is considered a rare possibility. 

5. The genes that confer resistance to drugs important for medical use should be avoided in 
the genome of widely disseminated GM plants. 

The 2000 consultation also identified specific areas required for further consider- 
ation, such as allergenicity of genetically modified foods. The January 2001 consulta- 
tion was subsequently convened to address the allergenicity assessment (25). This 
consultation elaborated a modified decision tree approach for the assessment for 
allergenicity of GM foods (see Section 6.4.2). 

In addition to expert consultations, FAO/WHO also aim to develop harmonized in- 
ternational standards, guidelines, or recommendations for GM foods through the Co- 
dex, which in 1999 established the ad hoc Intergovernmental Task Force on Foods 
Derived From Biotechnology. The conclusions of the joint FAOAVHO expert consul- 
tations have been used to advance discussions at the Codex ad hoc task force, and are 
incorporated into the text of draft guidelines under development by the task force. Four 
sessions of the task force have been convened in the past four years (2000 to 2003), and 
a number of guidelines were drafted and refined, such as “Principles for the Risk Analy- 
sis of Foods Derived From Modem Biotechnology” and “Guideline for the Conduct of 
Food Safety Assessment of Foods Derived From Recombinant-DNA Plants” (82). 

It should also be noted that, in January 2000, the UN Convention on Biological 
Diversity, which grew out of the 1992 Earth Summit in Rio de Janiero, met in Montreal, 
Canada, and announced the Biosafety Protocol (known as the Cartagena Protocol on 
Biosafety; www.biodiv.org/biosafety). The protocol focuses on transboundary move- 
ment of any live GMOs that could harm conservation and sustainable use of biological 
diversity. It allows a country to require prior notification through an advanced informed 
agreement from countries exporting GM seeds and living organisms intended for intro- 
duction into the environment. Further, it requires that shipments of products that may 
contain live GMOs, such as bulk commodities for food or feed, be labeled accordingly. 
The Advanced Informed Agreement provided by the exporter would include written 
notification of shipment accompanied by an extensive risk assessment. Further, it 
establishes a biosafety clearinghouse to help countries exchange scientific, technical, 
environmental, and legal information about live GMOs. The agreement requires gov- 
ernments to provide information on final decisions on the domestic use of a GMO 
commodity within 15 days of making that decision. The clearinghouse should provide 
needed transparency on where products have been approved and on regulatory require- 
ments of participating countries. Although primarily an environmental agreement, the 
Biosafety Protocol will have a significant impact on trade, particularly biotechnology- 
derived seeds exported for planting purposes. By May 30, 2003, the Biosafety Protocol 
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was ratified by 50 governments, which means the protocol entered into force on Sep- 
tember 11, 2003, in accordance with provision of its Article 37. 

7.2. Argentina 

Argentina regulates GM plants through a combination of GMO-specific legislation 
and preexisting laws covering seeds. Approving the environmental release of GMOs, 
and their use in human food or livestock feeds, is the responsibility of the Secretariat of 
Agriculture, Livestock, Fisheries, and Food (SAGPyA; www.sagpya.mecon.gov.ar), 
under regulations administered by both SAGPyA and the National Service of Health 
and Quality Agrifood (SENASA). In 1991, SAGPyA created the National Advisory 
Committee on Agricultural Biosafety (CONABIA) as a mechanism to provide advice 
on the technical and biosafety requirements to be met in environmental releases, human 
food, and livestock feed uses of GMOs. CONABIA ’s membership is composed of both 
public and private sector representatives including research institutes, universities, 
industry, government offices, and professional societies. 

Argentine regulation on GMOs is based on the identified characteristics and possible 
risks of the biotechnological product rather than on the process by which such product is 
obtained. In other words, it focuses on transgenic crops, in connection to their intended 
use, and takes into consideration only those aspects in the procedures that might entail 
hazards to the environment, to agricultural or livestock production, or to public health. 
The regulatory framework for biotechnology encompasses the contained use, deliberate 
release (confined field trial), and commercialization of GM crops. Under this frame- 
work, specific regulations were developed to establish conditions under which environ- 
mental releases of transgenic materials may be conducted and the resulting data 
reviewed by CONABIA and enforced by SAGPyA (SAGPyA Resolution 656, July 30, 
1992; SAGPyA Resolution 837, September 9, 1993; SAGPyA Resolution 289, May 9, 
1997). Permits to conduct field trials or precommercial multiplication are granted on 
condition that a number of biosafety measures should be in compliance. The biosafety 
measures of a release are determined by (1) the biological characteristics of the GMO 
subject of the release; (2) the features of the agroecosystem where the proposed trial is 
to be performed; and (3) compliance with the necessary safety measures, including the 
technical capacity of the applicant. 

The monitoring of field trials is performed through inspections by staff inspectors 
from the INASE (formerly National Institute of Seeds), SENASA, and SAGPyA. This 
is to assess in situ actual compliance with the biosafety measures under which the 
authorization was granted, as well as eventually to adopt measures to avoid adverse 
effects on the adjacent environment if compliance is not secured. Plots are also con- 
trolled after harvest with the purpose of reducing the likelihood of gene flow from the 
GM plants to other organisms. 

Before a GM plant and the products (food, feed, or other products) can be granted a 
commercialization permit, it must fulfill three stages of evaluation: 

1. To be granted the flexibilization status. Once a permit for introduction into the environ- 
ment is granted and biosafety is adequately established, an application for extensive culti- 
vation (called flexihilization) can be submitted. Granting this status means that, for future 
releases, only information on sown area, date of seeding, site of release, and harvest date 
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is required. Under this status, CONABIA shall mandate monitoring of the harvest and 
final disposition of the material. 

2. To meet the requirements under regulations administered by the SENASA and be approved 
for food and feed uses. In accordance with SAGPyA Resolution 511/98 (“Safety Assess- 
ment of Genetically Engineered Foods and Food Ingredients”), the criteria applied by 
SENASA to evaluate GMOs for food and feed uses include (1) natural toxicants, (2) toxi- 
cants of new expression, (3) homology of the transgene product with known allergens, (4) 
nutritional modification, (5) nutrient modification and nutritional characterization, (6) 
modification of macro- and micronutrient bioavailability, and (7) modified food charac- 
terization considering its suitability for food and feed uses. Resolution 511/98 has been 
replaced by Resolution 412/02, which requires information on compositional analysis to 
prove substantial equivalence of a GM food with its conventional counterpart. It also 
requires basic data to perform risk assessment concerning its intended use for feed and 
food. Allergenicity and toxicity of the new protein(s) and the whole product are also to be 
evaluated. 

3. To have a favorable technical report from the National Bureau of Agrifood Markets about 
the marketing of the GM product to avoid any negative impact on Argentine exports. 

In addition, all GM plants must comply with the pre-existing regulations in Argen- 
tina pertaining to plant protection (Decree-Law of Agricultural Production Health 
Defense, no. 6704/66 and its amendments), seeds and phytogenetic creations (Seed and 
Phitogenetic Creations Law, no. 20.247/73 and its regulatory decree), and animal health 
(Law of Veterinarian Products, Supervision of the Creation and Commercialization, 
no. 13.636/49). 

7.3. Australia 

Food Standards Australia New Zealand (FSANZ, www.foodstandards.gov.au), for- 
merly Australia New Zealand Food Authority, is a binational independent statutory 
authority that develops food standards for composition, labeling, and contaminants that 
apply to all foods (including GM foods) produced or imported for sale in Australia and 
New Zealand. FSANZ works in partnership with Australia’s commonwealth, state, and 
territory governments and the New Zealand government. 

The Office of Gene Technology Regulator (OGTR; www.health.gov.au/ogtr/ 
index.htm) in the Health Ministry is responsible for dealings with GMOs other than 
food issues and only in Australia. The OGTR seeks advice from other agencies, includ- 
ing FSANZ, Environment Australia, Australian Pesticide and Veterinary Medicines 
Authority, and Australia Quarantine and Inspection Service. Their responsibilities en- 
compass broader issues, such as the environmental release, quarantine, and the regis- 
tration of insect-resistant or herbicide-tolerant plants. They coordinate with each other 
on products that require the approval of several agencies. 

The OGTR is responsible for evaluation and approval of GM plants before inten- 
tional release to the environment. Each license application for a dealing involving 
intentional release (DIR) of a GMO into the environment is subject to a comprehensive 
evaluation (risk assessment) process under the Gene Technology Act 2000. The regu- 
lator has 170 working days in which to make a decision either to issue or to refuse to 
issue a license for the dealings proposed in a DIR application. The general evaluation 
process for DIR license application can be summarized as the following steps: 




328 



Gao 



1. DIR application received and preliminary assessment: OGTR conducts an initial assess- 
ment to determine if there is any “significant” risk. If it is determined that the proposed 
dealings may pose a substantial risk to human health and safety or the environment, public 
consultation on the application is immediately sought on matters relevant to the prepara- 
tion of the risk assessment and risk management plan (RARMP). Otherwise, an “early 
bird” public notification of receipt is made, and a summary on the application is posted on 
the Web site. Input is sought from prescribed expert groups and key stakeholders. 

2. RARMP: A thorough risk assessment is undertaken, and a risk management plan is pre- 
pared with proposed license conditions if approval is contemplated. OGTR considers a 
number of specific issues in preparing the RARMP, including the properties of the parent 
organism, the effect of the genetic modification, the scale of the proposed release, and the 
potential for dissemination or persistence of the GMO or its genetic material in the envi- 
ronment and any likely impacts of the proposed dealings on the health and safety of people. 
Comment is sought from expert groups and key stakeholders. Public consultation is sought 
on the plan through publications of government gazette, newspapers, and mailouts. 
RARMP will be finalized taking into account comments and submissions relating to pub- 
lic health and safety and the environment. 

3. License decision and conditions: OGTR makes decision on whether to issue a license. The 
applicant, key stakeholders, and public are notified of the decision, including the license 
conditions. 

4. Monitoring, audit, and reporting compliance by OGTR on the approved DIR. 

In Australia, GM foods are regulated by the Food Standard (Standard 1.5.2 in the 
new code or A18 in the old code, Food Produced Using Gene Technology). Standard 
1.5.2 regulates the sale of GM foods in Australia and New Zealand and was incorpo- 
rated into the Food Standards Code on May 13, 1999, and in an amended form on 
December 7, 2000. The standard has two provisions: (1) a mandatory premarket safety 
assessment requirement and (2) a mandatory labeling requirement. Under this stan- 
dard, the sale of food produced using gene technology is prohibited unless the food is 
officially included in the standard. However, the standard provides an exemption for 
those GM foods already on the market and with these three conditions met: (1) the 
producer of the GM food submitted a comprehensive data package to the Australia 
New Zealand Food Authority by April 30, 1999, so that a full health and safety assess- 
ment could be completed; (2) the GM food was lawfully sold overseas and considered 
safe by overseas regulatory authorities and; (3) Australia New Zealand Food Standards 
Council had no evidence indicating that the GM food was unsafe. 

In assessing the safety of GM foods, FSANZ requires applicants to submit a com- 
plete data package that addresses issues such as the nature and stability of the genetic 
modification, general safety issues, toxicological issues, and nutritional issues. The 
legal requirement of the Australian food standard- setting process requires full disclo- 
sure and public consultation. All applications for safety assessment of GM foods are 
subject to public notification and comment. FSANZ seeks public comment on all pro- 
posed amendments to Standard 1.5.2 (i.e., GM food approval). In the process of solic- 
iting public comment, FSANZ publishes a draft risk analysis report that provides a 
background of the application, highlights the issues addressed during the risk assess- 
ment, summarizes public comment submitted in response to the notification of applica- 
tion, and deals with legitimate issues raised in public comments. 
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Standard 1.5.2 has a mandatory labeling provision on GM food and food ingredients 
when novel DNA or protein is present in the final food and when the food has altered 
characteristics. However, the following would be exempt from the labeling require- 
ment: (1) highly refined food for which the effect of the refining process is to remove 
novel DNA or protein; (2) processing aids and food additives except those for which 
novel DNA or protein is present in the final food; (3) flavors present in a concentration 
less than or equal to 0.1% in the final food; and (4) food prepared at the point of sale. 
The labeling exemption also applies to foods that contain up to 1% of GM material, but 
only if its presence is unintended. 

7.4. Canada 

Plants in Canada are regulated on the basis of the traits expressed and not on the 
basis of the method used to introduce the traits. A plant with novel traits (PNT) is 
defined as a plant variety or genotype that possesses characteristics that demonstrate 
neither familiarity (defined as the knowledge of the characteristics of a plant species 
and experience with the use of that plant species in Canada) nor substantial equiva- 
lence to those present in a distinct, stable population of a cultivated species of seed in 
Canada and that have been intentionally selected, created, or introduced into a popula- 
tion of that species through a specific genetic change. PNTs include those derived from 
both recombinant DNA technology (GM plants) and plants derived through traditional 
plant breeding and mutagenesis. 

The Canadian Food Inspection Agency (CFIA; www.inspection.gc.ca/english/ 
plaveg/pbo/pbobbve.shtml) under the federal department of Agriculture and Agri-Food 
Canada is the primary agency in assessing, approving, and regulating PNTs for envi- 
ronmental release (both confined field trials and unconfined commercial release), for 
plant or seed import to Canada, and for livestock feed use. The relevant laws are the 
Canadian Environmental Protection Act, Seeds Act and Seeds Regulations, Feeds Act 
and Regulations, and Plant Protection Act. Various specific guidelines have been 
developed in helping applicants to prepare data packages and to meet the regulatory 
requirements. 

Processing of new applications for PNTs starts with the Plant Biosafety Office (PBO; 
for environmental release) and Feed Section (for animal feed use) of CFIA and the 
federal department of Health Canada (for food use petition). The PBO will distribute a 
copy of the application to the Pest Management Regulatory Agency of Health Canada 
for evaluation if the material involves altered pesticidal tolerance or altered pesticidal 
properties (such as Bt plants). If the application is for confined field trials, the PBO will 
send nonconfidential information about each new trial to designated provincial govern- 
ment contacts in those provinces where proposed trials are to be conducted. Secondary 
agencies and provincial governments have a 30-day turnaround time, and any com- 
ments from them are considered by the PBO in the final evaluation of the application. 

CFIA’s determination of the need for unconfined environmental release authoriza- 
tion and the environmental safety assessment of PNTs will be conducted on a case-by- 
case basis, founded on familiarity and substantial equivalence. The environmental 
effects that will be assessed include (1) potential of the PNT to become a weed of 
agriculture or be invasive of natural habitats; (2) potential for gene flow to wild rela- 
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tives with hybrid offspring that may become more weedy or more invasive; (3) poten- 
tial for the PNT to become a plant pest; (4) potential impact of the PNT or its gene 
products on nontarget species, including humans; and (5) potential impact on 
biodiversity. 

CFIA’s guiding principle in livestock feed safety assessment of PNTs is the com- 
parison of molecular, compositional, and nutritional data of products derived from the 
modified plant to those of traditional counterparts. Once substantial equivalence to an 
existing feed product can be established, it is expected that no additional safety testing 
will be required. If similarity or degree of equivalence cannot be established, a more 
extensive feed safety and efficacy assessment may be necessary. 

In Canada, GM foods are regulated under the Novel Food program by Health Canada 
(www.hc-sc.gc.ca/food-aliment/mh-dm/ofb-bba/nfi-ani/e_division28.html) under the 
Food and Drugs Act. A premarket notification and safety evaluation is mandatory for 
“novel food,” including GM foods. The manufacturer or importer of GM foods should 
submit notification to Health Canada. Health Canada shall review the information in- 
cluded in the notification within 45 days after receiving it. If Health Canada determines 
that additional information of a scientific nature is necessary to assess the safety of the 
novel food, the director will request in writing that the applicant submit that informa- 
tion. Then, within 90 days after receiving the additional information. Health Canada 
will assess it and determine whether the novel food is safe for consumption and notify 
the applicant. Health Canada evaluates the GM food safety based on its “Guidelines for 
the Safety Assessment of Novel Foods.” In line with other international practices, the 
guideline bases GM plant food safety evaluation on the source and history of safe use 
of the organisms, the nature of genetic modification, dietary exposure, and data on 
nutrition, toxicity, and allergenicity. 

7 . 5 . China 

China has the world’s fourth largest area of GM crops after the United States, 
Argentina, and Canada. China is also a prominent importer and exporter of agricultural 
products. For example, the total world soybean trade was estimated at 55 million tons 
in the year 2000 to 2001. China alone imported over 13 million tons, accounting for 
about 24% of the world soybean trade. China’s soybean import mainly comes from the 
United States, Brazil, and Argentina, where most of the soybean is GM. With China 
expected to import more agricultural food products to meet the consumption demand 
of its 1.3 billion population, its regulation of GMOs will have a significant influence on 
the international trade. 

In 1993, China’s State Science and Technology Commission issued a “Safety 
Administration of Genetic Engineering” document that provided general provisions on 
application, safety evaluation, approval, and management on the laboratory research, 
field trials, and commercialization of GMOs. In 1996, the Ministry of Agriculture 
(MOA; www.agri.gov.cn/index.htm) issued “The Implementation of Agricultural 
Genetic Engineering Safety Measures,” which provides a guideline specifically regard- 
ing agricultural GMOs. 

The MOA has a management office responsible for daily administration and a com- 
mission charged with assessing the safety of GMO technology and products. From 
March 1997 to February 2002, the MOA approved 501 cases of GMOs for field trials or 
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commercialization out of a total of 695 applications. Commercial approval has been 
granted to 59 applications, which include insect-resistant cotton, shelf-life altered to- 
mato, virus-resistant tomato, virus-resistant sweet pepper, and color-altered petunia ( 99 ). 

In May 2001, China’s State Council (the central government) issued a more compre- 
hensive “Regulation on the Safety Administration of Agricultural Transgenic Organ- 
isms,” which replaced the 1996 MOA regulation. The new regulation prescribes the 
official approval of all production and marketing of GMOs in China for environmental 
release and for import as food or feed use. The regulation also requires mandatory label- 
ing on GMO products. The Biosafety Office of Agricultural Transgenic Organisms 
(BOATO), under the MOA, is the designated agency for handling GMO applications 
and approval, although several other ministries, such as Health, Environment, and Trade, 
coordinate the major issues in GMO regulation with MOA. The evaluation is conducted 
by a Biosafety Committee of Agricultural Transgenic Organisms with expert members 
in biological science, food production and processing, health, environmental protection, 
and quarantine. In January 2002, MOA issued several guidelines on the application and 
approval processes regarding safety evaluation, import, and labeling of GMOs. They 
are “Regulatory Measures on Safety Evaluation of Agricultural Transgenic Organisms,” 
“Regulatory Measures on Import of Agricultural Transgenic Organisms,” and “Regula- 
tory Measures on Labeling of Agricultural Transgenic Organisms.” 

Under the new regulation, GMO safety evaluation and regulation is administered in 
five phases: laboratory research, intermediate experiment, environmental release, pro- 
duction trial, and safety certification. GMO developers need regulatory approval before 
conducting each phase of development, starting from the phase of environmental release. 
Requirements for each type of submission are specified in the relevant guidelines. 

For the final safety certification on GM plants for commercialization, applicants 
need to submit a complete data package on the biology of the organisms; genetic modi- 
fication, characterization, and stability; and food and environmental safety. It also 
requires a test report from a MOA-designated institution on the GMO and reports of 
the three trial phases (i.e., intermediate experiment, environmental release, and pro- 
duction trial). Applications should be submitted to the BOATO, which arranges two 
rounds of evaluations per annum. The submission deadline is March 31 for the first 
round of evaluation and September 30 for the second round. BOATO will notify the 
applicant within two months of receipt of the application whether the submission is 
accepted. BOATO will make its decision 3 months after each of the two submission 
deadlines. 

An import approval is required before a GMO or its product can be moved to China 
for experimental use, field trial, or use as food or feed. Applications should be submit- 
ted to the BOATO, which will notify the applicant within two months on receipt of the 
application whether it is accepted. BOATO will make its decision within 270 days from 
receipt date. The required materials include (1) import application forms specified by 
MOA; (2) a complete data package on the biology of the organisms, genetic modifica- 
tion, genetic characterization and stability, food and environmental safety information; 
(3) approval document from the exporting country on the intended use of the GMO; (4) 
experimental data generated in the exporting country on the safety of the GMO to 
humans and the environment; and (5) safety protection measures that the exporting com- 
pany intends to take during the process of introduction of the GMO to China. 
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7.6. European Union 

The European Union is built on an institutional system, which is the only one of its 
kind in the world. Currently, there are 15 countries (member states) in the union: Aus- 
tria, Belgium, Denmark, Finland, France, Germany, Greece, Ireland, Italy, Luxem- 
bourg, The Netherlands, Portugal, Spain, Sweden, and the United Kingdom. There are 
ten more countries accepted to join the union formally in 2004: Czech Republic, Esto- 
nia, Cyprus, Latvia, Lithuania, Hungary, Malta, Poland, Slovenia, and Slovakia. In the 
European Union, the member states delegate sovereignty for certain matters to the in- 
dependent institutions that represent the interests of the union as a whole. The three 
major institutions are the Commission, the Council, and the Parliament; these are 
flanked by two more institutions, the Court of Justice and the Court of Auditors, and 
five other European bodies. The Parliament and the Council are the Union’s legislative 
bodies; the Commission is the executive body. 

In the European Union, environmental release of GMOs has been regulated since the 
early 1990s. Until October 2002, Directive 90/220/EEC from the European Parliament 
and European Council was the main legislation regulating GMOs to be released into the 
environment (also covering import). This directive was replaced on October 17, 2002, 
by the new, updated Directive 2001/18/EC (biosafety. ihe.be/TP/TPMenu.html). The 
revised Directive 2001/18/EC tightens the existing rules on the release of GMOs into 
the environment. In particular, it introduces (1) the precautionary principle* for the 
environmental risk assessment of GMOs; (2) the mandatory postmarket monitoring re- 
quirement, including long-term effects associated with the interaction with other GMOs 
and the environment; (3) mandatory information to the public; (4) a requirement for 
member states to ensure labeling and traceability at all stages on the market; (5) first 
approvals for the release of GMOs to be limited to a maximum of 10 years; (6) the 
consultation of the Scientific Committees to be obligatory; (7) an obligation to consult 
the European Parliament on decisions to authorize the release of GMOs; and (8) the 
possibility for the Council of Ministers to adopt or reject a Commission proposal for 
authorization of a GMO by qualified majority. 

Part C of Directive 2001/18/EC determines the provisions for the placing on the 
market of GMOs as or in products. No GMOs intended for deliberate release are to be 
considered for placement on the market without first having been subjected to satisfac- 



*The precautionary principle was introduced in Europe in the early 1970s to provide regulatory author- 
ity with a tool for decision making on environmental threats. Based on this principle, regulatory officials 
can stop specific environmental contamination without waiting for conclusive evidence of harm to the 
environment. An early environmental application of the precautionary principle involved the prohibition of 
the purging of ship bilge contents and other wastes into the oceans. This requirement was justified by the 
paucity of data on the effects of the purged substances. But, the advocation of applying the precautionary 
principle in GMO safety assessment by the European Union is controversial. Critics argue that the precau- 
tionary principle was developed to prevent harm from hazardous environmental practices, not to serve as a 
food safety standard. Its application in GMO safety assessment could create an impossible burden of proof 
for food products and ingredients. Overzealous application of precaution, which is urged by the precaution- 
ary principle, can do more harm than good through substituting an alternative with a greater risk or through 
the economic costs associated with rejection of adequately safe foods (100). The United States and many 
other countries did not adopt the precautionary principle in GMO biosafety assessment. 
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tory field testing at the research and development stage in ecosystems that could be 
affected by their use. Market authorizations are only given under a step-by-step 
approval process and after a case-by-case environmental risk assessment has been car- 
ried out. In addition to the environmental risk assessment, this information shall also 
contain appropriate safety and emergency response and, in the case of products, pre- 
cise instructions and conditions for use and proposed labeling and packaging. Label- 
ing, at all stages of placement on the market, is mandatory, and it must be stated clearly 
that “this product contains genetically modified organisms.” Directive 2001/18/EC also 
introduces an obligation to implement a monitoring plan to trace and identify any direct 
or indirect, immediate, or delayed or unforeseen effects on human health or the envi- 
ronment of GMOs as or in products after they have been placed on the market. 

Since the old Directive 90/220/EEC entered into force in October 1991, a number of 
transgenic crops (such as maize lines Bt 176, T25, MON810) have been authorized in 
the European Union by a Commission decision. Since October 1998, no further autho- 
rizations have been granted, and there were 13 applications pending by October 2002. 
Pending applications will be subject to the provisions of the new Directive 2001/18/ 
EC. Under the new procedure, a company intending to market a GMO must first sub- 
mit an application to the competent national authority of the member state (rapporteur) 
where the product is to be placed on the market first. The notification is composed of a 
technical dossier (including the environmental risk assessment, a plan for monitoring, 
a proposal for labeling, and a proposal for packaging) and a summary of the dossier 
(Summary Notification Information Format). 

If the national authority gives a favorable opinion on placing the GMO concerned on 
the market, this member state informs the other member states via the Commission of 
the European Union. If there are no objections, the competent authority that carried out 
the original evaluation grants the consent for the placing the product on the market. 
The product may then be placed on the market throughout the European Union in con- 
formity with any conditions required in that consent. Consent is given for a maximum 
period of 10 years for the initial consent. After 10 years, a renewal application has to be 
submitted, which in principle is subject to the same time limit of 10 years. 

If any objections are raised after the rapporteur member state informed the rest of 
the member states, a decision has to be taken at the union level. The Commission first 
asks for the opinion of its Scientific Committees, composed of independent scientists, 
highly qualified in the fields associated with medicine, nutrition, toxicology, biology, 
chemistry, or other disciplines. If the scientific opinion is favorable, the Commission 
then proposes a draft Decision to the Regulatory Committee composed of representa- 
tives of member states for opinion. If the Regulatory Committee gives a favorable 
opinion, the Commission adopts the decision. If not, the draft decision is submitted to 
the Council of Ministers for adoption by qualified majority or rejection. If the council 
does not act within 3 months, the Commission can adopt the decision. 

In the European Union, GM foods are regulated under Regulation (EC) 258/97 
(biosafety.ihe.be/NF/GMfoods/GMfood_market.html) on Novel Foods and Novel 
Food Ingredients, which sets out rules for authorization and labeling of GM food prod- 
ucts and other categories of novel foods. The authorization procedures for GM foods 
are slightly different from the procedure used for the environmental release (Directive 
2001/18/EC), but the basic rule is similar. In general, the authorization of GM foods is 
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a one-step process if all member states agree with the initial assessment carried out by 
a rapporteur member state and a two-step process if one or more member states have 
objections. 

The first step is an assessment by the rapporteur member state where the food is to 
be placed on the market first. The application should consist of a comprehensive sum- 
mary report and a copy of all study reports necessary to support the data requirements 
identified in Guidelines 97/618/EC. The application should also include information 
on the proposed labeling of the GM food. For evaluation at the rapporteur state, the 
regulation dictates a period of 90 days, which can be extended if further information is 
required from the applicant. In case of a favorable opinion, the rapporteur member 
state shall forward the Initial Assessment Report to the European Commission. The 
Commission forwards it further to the competent authorities of all member states, which 
have exactly 60 days to evaluate the notification and possibly raise objections. If there 
are no objections to the application, the first member state can authorize for the whole 
European Union, and the product can circulate freely in the European Union. 

If there are objections by member states, the second step has to be taken. After con- 
sulting the Scientific Committee for Foods, the Commission shall draft a Proposal for 
Commission Decision that will be delivered for opinion to the Standing Committee for 
Foodstuffs, which is made up of representatives of the Competent Authorities of the 
different member states. If a qualified majority still cannot be reached, the issue is 
forwarded to the European Council of Ministers. Once at union level, the time frame 
for authorization is necessarily extended. 

As a deviation from the full authorization procedure. Regulation (EC) 258/97 pro- 
vides a simplified procedure for foods derived from GMOs, but no longer containing 
GMOs, that are substantially equivalent to existing foods with respect to composition, 
nutritional value, metabolism, intended use, and the level of undesirable substances. In 
such cases, the applicants only have to notify the Commission when placing a product 
on the market together with either scientific justification that the product is substan- 
tially equivalent or an opinion to the same effect, delivered by the competent authori- 
ties of a member state. The Commission forwards to the member states a copy of the 
notification. The product can then be marketed in the entire European Union. 

Currently, a proposal of regulation from the European Parliament and Council on 
GM food and feed is being drafted. The proposed new food and feed regulation covers 
specifically the products of modem biotechnology and places essentially the same 
safety evaluation requirements on them wherever they are used in the food chain. The 
major changes compared with the previous legislation include the following: 

1. Feed ingredients are explicitly covered, and the existing Novel Food Regulations will 
remain in place for non-GM foods. 

2. Authorization will not be granted for a single use as either food or feed when such prod- 
ucts are likely to be used both as food and feed. 

3. Food and feed applications shall be submitted directly to the European Food Authority. 

7.7. Japan 

Japan’s regulation of GM plants before environmental release and use as food or 
feed is mainly administered by two government departments: the Ministry of Agricul- 
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ture, Forestry, and Fisheries (MAFF; www.maff.go.jp/eindex.html) and the Ministry 
of Health, Labor, and Welfare (MHLW; www.mhlw.go.jp/english/topics/food/ 
index.html). MAFF is responsible for safety to the environment and the safety of ani- 
mal feeds and feed additives of GM plants. Several guidelines are produced by MAFF, 
such as “Guidelines for Application of rDNA Organisms in Agriculture, Forestry, Fish- 
eries, the Food Industry and other Related Industries,” “Guidelines for Safety Assess- 
ments of Application of rDNA Organisms in Feed,” and the “Guidelines for Safety 
Assessment of Application of rDNA Organisms in Feed Additives.” 

Based on the guidelines, GM plants destined for commercial agriculture use must be 
evaluated in a “simulated model environment” (confined field trial in Japan) prior to 
submission of the environmental safety assessment for review. At this stage, the GM 
plant is cultivated under conditions of reproductive isolation to investigate its proper- 
ties as an agricultural product, including weediness and hybridizing potential with 
related species. The field trials must be conducted on sites accredited by MAFF, which 
may be government-owned research farms or sites managed by the developer. The 
results of field tests are incorporated into the environmental assessment of the potential 
impact that commercial release could have on the agriculture and ecosystem in Japan. 
The requirement for prior evaluation in a simulated model environment applies to the 
domestic cultivation of GM plants as well as to import of such plants that may propa- 
gate in the natural environment. 

Environmental safety evaluations for commercial release consider the molecular 
characterization of the GM plant and its reproductive and propagative properties, 
including potential outcrossing, tendency to weediness, production of toxic substances, 
and other physiological characteristics. In the case of nonfood organisms, immediate 
commercialization is possible; otherwise, compliance with MHLW is required. 

Safety assessment of GM foods is administered by MHLW. Since 1991, MHLW 
assessed the safety of foods and food additives produced by recombinant DNA tech- 
nology on a voluntary basis based on its “Guidelines for Safety Assessment of Foods 
and Food Additives Produced by Recombinant DNA Techniques.” From May 1, 2000, 
this became a mandatory requirement. 

The food safety assessment is built on the principle of substantial equivalence and 
seeks to compare the GM food product with a traditional counterpart, focusing on the 
defined differences between the two. The criteria examined are consistent with those 
applied internationally. When the safety of the GM food cannot be established based 
on substantial equivalence, additional data may be required. These include studies on 
acute toxicity, chronic toxicity, mutagenicity, carcinogenicity, and other studies (intes- 
tinal tract, immunological or neurological toxicity). GM plant developers send applica- 
tions to Secretariat of the Food Safety Investigation Council of MHLW, which arranges 
for the safety assessment review that normally takes about 1 year. This time frame does 
not include the time that the developer takes to generate additional data requested by 
the Food Safety Investigation Council. After the evaluation, MHLW will publish a 
declaration of the results in the official gazettes. 

Beginning in April 2001, under a revised Japanese Agricultural Standard law, all 
GM food products must be labeled. These labeling requirements apply to all products 
containing detectable recombinant DNA or novel recombinant protein above a thresh- 
old of 5%. 
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7.8. United States 

Regulatory oversight of GMOs has been in place in the United States for longer than 
in most other parts of the world. In 1984, a White House committee was formed under 
the auspices of the Office of Science and Technology Policy to propose a plan for regu- 
lating biotechnology. This plan, published by the Office of Science and Technology 
Policy on June 26, 1986, as the “Coordinated Framework for the Regulation of Biotech- 
nology,” is still in use. It is based on the principles that techniques of biotechnology are 
not inherently different from traditional plant technologies, and that biotechnology 
should not be regulated as a process, but rather the products of biotechnology should be 
regulated in the same way as products of other technologies. Responsibility for imple- 
menting the Coordinated Framework falls onto three lead federal agencies: the US 
Department of Agriculture, the FDA, and the Environmental Protection Agency (EPA). 

The US Department of Agriculture, via its Animal and Plant Health Inspection Ser- 
vice (APHIS; www.aphis.usda.gov) is responsible for assessing the effects of GM 
plants on agricultural systems under the authority of the Plant Protection Act and the 
National Environmental Policy Act. Given the authority of APHIS to regulate the move- 
ment, import, and release of plant pests or potential plant pests under the Plant Protec- 
tion Act, the primary focus of the APHIS review is to determine whether a plant 
produced through biotechnology has the potential to become a weed, create plant pests 
through outcrossing, or otherwise adversely affect natural habitats or agriculture. 
APHIS has guidelines covering laboratory and greenhouse research and field testing 
and has developed specific regulations for containment, transport, and field testing of 
GM plants. The results from initial screenings in laboratory and greenhouse settings 
typically are included in requests to APHIS for a permit for contained field trials. 

Permit requests must be submitted to APHIS at least 120 days before planting and 
must contain information on the introduced gene, selectable markers, safeguards to 
prevent dissemination or carryover of plants, and differences between the GM plant 
and its unmodified parent. In addition, APHIS reviews required information on the 
agronomic and fitness characteristics of the GM plant. Conditions for the conduct of 
field trials are tailored to the individual field test requests and are based on the relevant 
biological and environmental characteristics of individual crops to ensure that the regu- 
lated materials do not persist in the environment. It is noted that, for certain crops, 
notification (shortened version of permit) may be submitted. Approval of notifications 
requires less time than permit approvals. 

APHIS does not impose limitations on the size of field trials. However, for field 
tests of GM plants expressing plant-incorporated pesticides (such as Bt toxins) greater 
than 10 acres in size, the developer is required to obtain an Experimental Use Permit 
from the EPA (www.epa.gov/pesticides/biopesticides/pips/index.htm). 

Before a GM plant can be produced on a wider scale and sold commercially, the 
developer must petition to APHIS for a “determination of non-regulated status.” APHIS 
rules contain detailed requirements for the data and information that must be included 
in a petition for this determination. The type of information considered includes the 
biology and genetics of the host plant, including methods of reproduction, tendency to 
weediness, and modes of gene escape; a complete molecular characterization of the 
transgenic plant; and the environmental consequences of introducing the transgenic 
plant, including any changes in potential for weediness, impacts on nontarget organ- 
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isms, or horizontal gene transfer that would be a consequence of the genetic modifica- 
tion. Detailed requirements for the petition can be found in the Code of Federal Regu- 
lations 7 CFR Part 340. 

On receipt of a petition and following a review for completeness, APHIS publishes 
a notice in the Federal Register and provides a 60-days public comment period for 
each petition that meets the eligibility criteria. This notification includes a synopsis of 
the petition and explains the role of other regulatory bodies (EPA and FDA) and the 
process for submitting comments and obtaining more information. Following its 
assessment, and if it determines that the plant poses no significant risk to other plants in 
the environment and is as safe to use as traditional varieties, APHIS publishes a deter- 
mination of non-regulated status in the Federal Register. 

For GM plants with pesticidal properties (plant-incorporated protectants), such as Bt 
plants, APHIS coordinates its review with the EPA, which is responsible for the regu- 
lation of pesticidal substances under the Federal Insecticide, Fungicide, and Rodenti- 
cide Act; Federal Food, Drug, and Cosmetic Act (FFDCA); and Toxic Substances 
Control Act. In addition to examining data on product characterization (e.g., source of 
the gene; its expression of the protein; nature of the pesticidal substance produced; 
modifications to the introduced trait as compared to that trait in nature; biology of the 
recipient plant; effects on nontarget organisms; exposure; and environmental fate), the 
EPA also requires data on toxicology, digestive fate, and potential allergenicity of the 
pesticidal substance. 

The EPA reviews the material on a case-by-case basis. A risk-benefit analysis bal- 
ances potentially adverse environmental effects with proposed environmental and 
social benefits, such as reducing chemical applications and ensuring an abundant, eco- 
nomical food supply. There are several distinct stages (such as Experimental Use Per- 
mit and full registration for commercialization) in the EPA regulatory process, 
depending on the product involved. At each stage, the agency publishes a notice in the 
Federal Register, allowing interested parties an opportunity to make comments. 

In the United States, GM food safety assessment is administered by the FDA 
(www.cfsan.fda.gov/~lrd/biotechm.html) under the FFDCA. The first biotechnology- 
derived food to enter the market was the Flavr Savr tomato, cleared by the FDA in 
1994 after approval of a food additive petition for the neomycin phosphotransferase 
protein encoded by a marker gene that had been introduced into the tomato. Since 
1994, the FDA has been using a voluntary consultation process to work together with 
developers, beginning from an early stage in product development, to identify and 
resolve any issues regarding the food that would necessitate legal action by the agency 
if the product were introduced into commerce. Examples of such issues include signifi- 
cantly increased levels of plant toxicants or antinutrients, reduction of important nutri- 
ents, the presence of new allergens, or the presence in the food of an unapproved food 
additive. To date, all GM foods and feeds marketed in the United States (about 55 by 
the end of 2002) have gone through the voluntary consultation program before they 
have entered the market. 

When the developer has accumulated sufficient data that it believes are adequate to 
ensure that its product is safe and complies with the relevant provision of the FFDCA, 
the developer submits a safety and nutritional assessment summary to the FDA, which 
typically includes (1) the purpose of intended technical effect of the modification on 
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the plant, together with a description of the various applications or uses of the 
bioengineered food, including animal feed use; (2) a molecular characterization of the 
modification, including the identities, sources, and functions of the introduced genetic 
material; (3) information on the expressed protein products encoded by introduced 
genes; (4) information on known or suspected allergenicity and toxicity of expressed 
products; (5) information on the compositional and nutritional characteristics of the 
food, including antinutrients; (6) for foods known to cause allergy, information on 
whether the endogenous allergens have been altered by the genetic modification; and 
(7) in some cases, the results of comparisons of wholesomeness feeding studies with 
foods derived from genetically engineered plants and the nonmodified counterpart. 

In keeping with the voluntary nature of this process, there are no requirements for 
public notification in the Federal Register or public consultation. In such a case, the 
FDA does not issue a product approval per se, but informs the developer by letter that 
it has no further questions based on the information presented and reminds the devel- 
oper of its legal responsibilities. The FDA does publish a list of completed consulta- 
tions on the Internet (www.cfsan.fda.gov/~lrd/biocon.html). 

Although this voluntary consultation process has worked well since its inception in 
1994, it has been suggested that the establishment of a mandatory review process would 
clarify FDA requirements, impose equal rules on all agricultural biotechnology organi- 
zations, and provide a framework for a transparent and open regulatory review that 
would enhance consumer confidence. The FDA has responded to public comments by 
publishing, on January 18, 2001, a proposed rule to replace the current voluntary con- 
sultations with mandatory premarket consultations (90). The proposed new regulations 
would require GM food and feed developers to provide a “premarket biotechnology 
notice” to the FDA at least 120 days prior to marketing such products. The information 
required in the notice generally would be similar to that provided in present consulta- 
tions. However, the information submitted would be publicly available, although there 
would be opportunities for submitters to request that certain information be designated 
as confidential business information. Within 120 days of the filing of the premarket 
biotechnology notice, the FDA would respond with a letter describing its conclusion 
about the regulatory status of the food or animal feed. 

Consistent with FDA policies for foods developed by other methods, labeling of 
food derived from biotechnology-derived crops is required only when the biotechnol- 
ogy-derived crops differ significantly in composition, nutritional value, or health ef- 
fects from their conventional counterparts. These differing products, when offered for 
sale, could not be represented as equivalent to their conventional counterparts. If the 
product is approved, labels would be required to declare the compositional differences 
clearly. All biotechnology-derived products commercialized to date, except for two, 
have been found substantially equivalent, and because the FDA has concluded that 
they are as safe as their conventional counterparts, the FDA does not require these 
products to be labeled differently from their conventional counterparts. The two excep- 
tions are high laurate canola and high oleic acid soybean products, both of which have 
oil composition that differs from the conventional counterpart (101). This difference 
requires that the common or usual name be changed to describe the new foods. The 
FDA has determined that voluntary labeling is permissible and has circulated proposed 
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voluntary labeling guidelines (published on January 17, 2001) designed to ensure that 
such labeling is truthful and not misleading (102). 

8. Concluding Remarks 

Feeding an expanding and increasingly urbanized world population is one of the 
major challenges of the new millennium. Modern agricultural biotechnology, if prop- 
erly integrated with other technologies for the production of food, can be one of the 
powerful tools to achieve global food security. Today, over 3 billion people live in 
countries where GM food and fiber plants are approved, grown, or consumed. The 
word safety appears always to be defined in terms of an absence of harm, danger, or 
damage; such a definition inevitably limits an absolute assertion of safety for food or 
any other product or activity because the future cannot be known. In practice, we 
extrapolate from past and present experience to make what we hope is a reasonable 
forecast of the future, but it can never be more than that (2). 

Agricultural biotechnology can offer human beings tremendous opportunities and 
benefits. However, like any other technologies, there are certain risks in applying the 
technology. As human beings, although it is not possible to ascertain absolute safety of 
any food, including those derived from modern biotechnology, what can be done is to 
assess and balance the risk and benefit based on human wisdom and knowledge accu- 
mulated to date. After all, human beings have always been doing so in every step for- 
ward throughout the tapestry of human history. 
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1. Introduction 

The human population has grown steadily since the advent of agricultural practices 
several thousand years ago. Through domestication of animals and agricultural prac- 
tice, it has ensured itself continued sustenance and an ample supply of food. Despite 
several population control measures, the world population is projected to grow steadily 
to 9-1 1 billion by 2050 ( 1 ). This has triggered human fears about balancing the growth 
of population and food supplies to feed the hungry. 

During the 20th century, the “green revolution” helped the human population avoid 
major food shortage problems by keeping food productivity and medical advances 
ahead of population growth. Realistically, this trend cannot continue to sustain the 
population forever. Furthermore, conventional agricultural practices have serious limi- 
tations because local pricing policies and profitability are no longer effective in the 
current global marketplace. Added to this are lengthy plant breeding practices, reduced 
availability of land and water, increased deterioration of soil and water, use of chemi- 
cals, and unpredictable weather patterns. 

Meeting all aspects of human life for food, disease control, medicine, technology 
advances, quality of life, and population growth cannot be brought about in a short 
period of time by conventional plant breeding, especially when some of the important 
crops are approaching their physiological limits of productivity, and it cannot be 
accomplished by increasing arable land. In fact, the arable land for food cultivation 
comprises only 5% of the earth’s surface and is decreasing as a result of soil erosion, 
pathogens, pest epidemics, salinization, overcultivation, and unpredictable weather 
patterns ( 2 ). In addition, increased human and agricultural use, polluted agricultural 
runoff, and widespread use of agrochemicals are limiting freshwater supplies. 

All this has engendered new fears that food shortages may lead to widespread social, 
economic, and political unrest, making food and medical security the most serious threats 
to international peace. At the same time, overwhelming evidence shows that those coun- 
tries with more efficient technologies, higher living standards, stronger economies, and 
higher food productivity will not be able to provide for the ever-demanding nutrition of 
the expanding human race, protect the environment, and ensure political stability. The 
challenge for human survival will depend on developing novel biotechnologies in plant 
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and animal science and merging classical breeding practices with the new and more 
effective breeding practices. 

In the last three centuries, the agricultural, food and fermentation, microbiological, 
and pharmaceutical sectors have became highly industrialized; as a result, public health 
has improved, incomes have increased, and international trade in food and machine 
supplies has grown. To meet the current trends in population growth and agricultural 
production within the finite volume of the earth’s capacity, it will be necessary to iden- 
tify new and better varieties of food ( 3 ). 

Historically, meeting the demand for better food and medicine was managed through 
traditional plant and animal breeding programs and medical practices to bring about 
enormous increases in quality of life and crop productivity. However, the improvement 
and advances in the past came slowly, in the cases of plant hybridization and animal 
breeding, because of a very limited gene pool and natural barriers for genetic alteration. 

In the 1980s, the advent of recombinant deoxyribonucleic acid (DNA) meant natural 
barriers could be crossed, and an entire gene pool, whether plant, animal, or microbe, 
could be transferred. Through various cell-culturing technologies, scientists acquired 
the ability to engineer the stable introduction of DNA into a number of living systems 
and produce molecules at commercial levels. Prior to recombinant DNA, biotechnology 
used mostly microbes, and experiments were carried out in laboratories and industrial 
locations. Very soon after the advent of recombinant DNA, genetically modified organ- 
isms (GMO) products derived from plants and animal cells were generated for commer- 
cial use and were released into the environment. Prospects are good that, in the near 
future, most, if not all, food and pharmaceutical products will be derived from GMOs 
( 3 ). However, if these products derived from GMOs are ever to become more than mere 
promises, they must prove their safety, and their value, outside in the real world. 

Over 1000 GMOs and their products have been tested in field trials or industrial 
applications, ultimately finding themselves in natural surroundings. Considering the 
increasing number of international GMO releases derived from transgenics, it is 
important not to ignore the issues related to risk ( 4 ). So, for this reason, the progress of 
GMO use and technology has always been, and still is, accompanied by interesting and 
controversial discussions. The agricultural biotechnology debate has addressed the 
practice of technology and containment, that is, how to prevent the accidental release 
of GMOs into the environment. 

Despite thousands of laboratory experiments, field trials, and risk assessment con- 
ducted inside academic, industrial, and movement laboratories around the world, in 
which GMOs caused no harm to human health or to the environment, the focus now 
has turned to the scientific technological, legal, and political impacts of deliberate 
release of GMOs into the ecosystem ( 5 ). The reasons for this shift are straightforward: 
The technology has advanced to the stage at which what were only promising labora- 
tory developments are now products waiting for clinical trials and commercialization. 
It will become critical for the industrial practice of GMOs to apply technologies derived 
from cellular and molecular concepts and to create novel products that will be inte- 
grated into all sectors of life. 

This book was conceived as a result of the accelerated growth of GMO-derived 
technologies and the new challenges and opportunities presented by the commercial 
practice of GMOs. This handbook is written to provide scientific background, advice. 




Conclusion and Future Directions 



347 



and recommendations for successful acceptance of GMO practices for field and com- 
mercial use. Included throughout are examples of the following: (1) novel, emerging 
technological breakthroughs that allow modification and construction of GMOs for 
use in agricultural or animal models; (2) technological hurdles that must be overcome 
for successful construction of GMOs; (3) issues to be regulated; (4) historical experi- 
ences and information on modified plants and microbes; (5) emerging advances on the 
testing of GMO-derived products, from small-scale through large commercial launches; 
and (6) the new concerns related to exotic GMOs and bioterrorism. After careful re- 
view of the chapters in this book, I summarize and highlight here a few salient features 
of GMOs. 

2. GMO-Based Bioeconomy 

A GMO-based economy agglomerates all industrial organized activities. The two 
segments of the GMO industry are (1) those that exploit biological resources (crop 
production, livestock and poultry, aquaculture, forestry, fishing, and horticulture) and 
(2) suppliers to the bioresources (agriculture chemicals and seeds, life sciences, food 
and fiber processing industries, pharmaceuticals, and health care) (6). 

These sectors have a direct and more vital impact on human welfare and induce 
change to the existing biological system. 

3. GMO Technologies 

With the advent of recombinant DNA technology and its fusion with computer sci- 
ence, it is now possible to screen rapidly the entire sequence and genome of living 
cells. The package of tools, including bioinformatics and metabolic engineering. X-ray 
crystallography, and imaging, allows scientists to unfold the mysteries of the genetic 
code and protein functions and offer the potential to “custom design” and clone any 
living system (7). In the future, this may be the area in which more efforts will be tied 
to developing unique gene transfer, expression, and production systems, whether mi- 
crobes, plants, animal, or viruses. 

4. GMO Products 

4. 7. Microbial GMOs 

With the evolution in DNA sequencing and bioinformatics, therapeutic proteins and 
other vaccines have advanced rapidly along the biotechnology research pipeline. Hun- 
dreds of new proteins derived from microbes are ready to enter clinical trials and are 
very likely to reach commercial applications. Regulators already have approved use of 
antibiotics, GMO-derived human therapeutics such as insulin, interferon, y-globulin, 
and interleukins, as well as plant insect control agents. In short, the active engagement 
and involvement of those who regulate microbial GMO products and activities, com- 
bined with the history of the demonstrated proof of concept, will support future evolu- 
tion of these products (8-10). 

4.2. Plant GMOs 

Considering the power and the potential of agricultural biotechnology, the “gene 
revolution” will dominate agriculture into the next millennium. Like the earlier green 
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revolution, plant GMOs are anticipated to accelerate food production, save lives from 
hunger, save large tracts of land, ensure low food prices, stimulate broad-based econo- 
mies, and expand world trade for future generations. 

4.3. Animal GMOs and Medicine 

Animal GMOs have progressed rapidly from the first transgenic mice and bovine 
embryos produced in vitro. Today, animal breeding companies are using marker-as- 
sisted selection to provide early and improved selection of breeding animals. Gene 
mapping and bioinformatics have revolutionized the process, simplifying the identifi- 
cation of a large number of candidate genes. 

The propagation of transgenic animals is accelerated by in vitro production of 
embryos. The dozen or so companies engaged in the practice of cloning embryos for 
cattle and sheep have shown that the technology is possible; however, at the moment 
the cloning is at low frequency and still faces commercial hurdles. Animal production 
through genetic selection and efficient segregation of the sperm for in vitro fertilization 
of embryos has been successfully demonstrated. The flow-sorting devices for discrimi- 
nating male and female have been tested in cattle and swine to produce offspring of the 
desired sex. 

The artificial insemination and embryo transfer industries have proliferated. 
Cryopreservation of oocytes and the combination of embryo biopsy with sexing are 
accelerating. Microinjection of DNA into the nuclei of an egg and use of viral vectors 
have been demonstrated in the creation of transgenic cattle, sheep, and poultry. The 
intent of such GMO research has been to change animal growth, elicit disease resis- 
tance, or derive new therapeutic products ( 11 ). The effectiveness of this GMO technol- 
ogy is low in mice models. Therefore, progress has been slow in the commercial use of 
transgenic technology, except in the case of cows, for example, for which novel 
biopharmaceutical products are expressed in milk ( 11 ). 

Although the production of GMO birds and fish is feasible, currently it is not as 
commercially successful as GMO-derived microbes ( 12 , 13 ). Momentum in this area 
can be accelerated by more study on the anatomy and physiology of vertebrates, espe- 
cially avian and marine, for successful GMO practice through viral introduction of 
DNA into the germline. 

Last, in calves and sheep embryo, stem cell culture and nuclear transfer have been 
successful for breeding new offspring. The cloning of new offspring by this method 
has been successful; however, the technology is not fully matured for commercial use. 
Most efforts are under development for growth hormones and growth-promoting pro- 
teins for enhancing animal growth ( 11 ). 

Numerous vaccines are derived by GMOs. Parent duplication and cloning in 
transgenic animals have enabled application of recombinant vaccines against calf sores 
and rabies. New GMO-derived biotechnology has also revolutionized diagnostics 
application and facilitated precision assay procedures. Monoclonal antibodies have been 
the arsenal in several therapeutic sciences. Based on these GMO technologies, there are 
opportunities for field testing of animals by clinicians to furnish real-time data that 
permits rapid analysis and treatment. It is anticipated that use of such GMO-derived 
technology will play a critical role in the future, especially in the diagnostic laboratory 
to provide a sound basis for control and treatment of animal and human diseases. 
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5. Hurdles Related to Application of GMO Technology 

The use of GMOs has generated protests, lawsuits, countless conferences, bans, lim- 
ited trials, environmental impact statements, and unauthorized environmental releases. 
Buried among all of these issues are the public’s fear and its justification for safer 
introductions of GMOs into the world. However, it should be emphasized that the focus 
of the public and the government agencies that regulate the sector should be on the 
products synthesized from DNA segments of GMO and not on the technology. This 
important distinction, although made in 1987 by the committee on the introduction of 
GMOs into the environment and conveyed by the National Academy of Sciences, is 
still not clearly interpreted or assimilated by a GMO-sensitive public ( 14 ). 

With the shift in the focus from GMOs to the products, another essential step is 
addressing the public perception that all GMO-derived products are not created equal. 
For example, vaccines and immunoglobulins for animals are not the same as those for 
humans, and human gene therapy does not have the same platform as breeding sheep. 
Microbes are not plants, and microbes that manifest infection on oranges are not the 
same as microbes that produce toxins. Clearly, some GMO products are diversified and 
intrinsically safer than others. 

The key point here is that GMO products should be assessed on the basis of their 
individual characteristics and not be categorized and lumped into one generic group. 
Furthermore, it should also be reemphasized that the harnessing of biotechnology and 
construction of new strains or traits for plant breeding practice is not a substitute or 
“miracle cure” toward the limitless problems faced in other areas of biotechnology. Good 
judgment and safe biotechnology practices are as warranted and important to the discov- 
ery and the potential use of GMOs as they have been to the advent of the technology. 

6. Current Scenario and Future 

Pharmaceutical and biotechnology companies and agronomists have been engaged 
in upgrading and modifying crops, breeding animals, and mutating organisms to derive 
an improved gene pool for several decades. Thus, ample regulatory agencies have been 
established (Food and Drug Administration, Environmental Protection Agency, US 
Department of Agriculture, National Institutes of Health, Centers for Disease Control 
and Prevention) all of whom have experience and knowledge from field tests and clini- 
cal trials to determine the impact of the commercial use of GMOs. 

Throughout this time and with all these past experiments, no significant incidents 
have occurred or harm has been done to the human population or the ecosystem. This 
selective breeding has not caused an outbreak of any major crop that became noxious 
or resulted in monstrous weeds. In addition, there has not been evidence of cross trans- 
fer of either microbial or animal genes to humans or agricultural crops ( 15 ). Also, 
transfer of the gene pool for a given trait, such as disease resistance, to a nearby eco- 
system has not caused any living system to be more competitive, thus causing ecologi- 
cal damage. 

Finally, the challenge for the adaptability of GMOs is overwhelming. Although in a 
short period of time the harnessing of recombinant technology and the use of GMOs 
have surpassed expectations, continued success and public acceptance has been slow. 
Although the use of GMOs can significantly improve the availability of high-quality 
food and supply breakthroughs in medical science, it still needs to gain economic 
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acceptance. Many of the underdeveloped countries cannot afford expensive biotechnol- 
ogy and GMO-based products. 

The solution to this requires engagement of critical agencies. In essence, more bal- 
anced emphasis on agricultural, fermentation, and medical biotechnology along with 
full integration of environmental ecology will be necessary. These issues are well 
articulated in this handbook regarding what is deemed important in terms of techno- 
logical advances, delineation of urgent needs for educating the public, how to define 
the boundaries and the framework of work ethics, and what the opportunities and limi- 
tations are. Broad, one-on-one discussion and sweeping changes in this arena will be 
essential to reach a consensus. Recognizing this, the contributors of this book have 
made specific recommendations and included topics to simplify the debate over GMOs 
and to provide clearer scientific representation of facts. 

The various chapters in this book document these points concisely. It is hoped that 
the chapters in this book will provide the right balance between communication and 
information. It is hoped that the handbook will further strengthen mutual areas of agree- 
ment among academic institutions, government agencies, industries, the public sector, 
and those engaged in commercial biotechnology and GMO-based technologies. 
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Activator: A substance or agent that stimulates transcription of a gene or operon. 

Aerobe: A living organism that requires oxygen for growth. 

Algorithm: A step-by-step process for solving a problem or modeling a process. 

Anaerobic: Growth or activity that does not require the presence of oxygen. 

Allele: Alternative form of a gene. Alleles of a particular gene occupy the same loci on 
a pair of homologous chromosomes. 

Allosteric regulation: A catalysis-regulating process in which the binding of a small 
molecule to the site on an enzyme influences the activity of another site. 

Annealing of DNA: The process of heating (separating) and slowly cooling (renaturing) 
of double-stranded DNA to allow the formation of hybrid or DNA-RNA molecules. 

Antibiotic: A biological substance that is typically produced by one organism that can 
restrict the growth of or kill another organism. 

Antibody: A protein (specific immunoglobulin) that is synthesized by a B lymphocyte 
and that recognizes a specific site on an antigen. The basic immunoglobulin mol- 
ecule consists of two identical heavy chains and two identical light chains. 

Antigen: A compound that induces the production of antibodies. 

Antiidiotopic antibody: An antibody that has the properties of an antigen. 

Antisense DNA-RNA: The sequence of chromosomal DNA that is transcribed or a 
DNA sequence that is complementary to all or part of functional RNA (mRNA). 

Antiserum: Fluid component of the blood that contains the antibodies of an immu- 
nized organism. 

Attenuated vaccine: A virulent organism that has been altered to make a less virulent 
form but nevertheless retains the ability to elicit antibody response against the viru- 
lent form. 

B cells : Lymphocytes derived from bone marrow that produce antibodies. 

Baculovirus:Viral agent that infects arthropods, typically insects. 

Bacteriophage: A virus that infects bacteria. Also called a phage. 

Bioaccumulation: Increasing levels of a chemical agent (e.g., PCP) in high levels in 
organisms in a food chain. 

Biocontrol: Any process using a living organism or system to restrain the growth and 
development of pathogenic organisms. 

Biodegradation: The breakdown of a complex chemical compound to its simple con- 
stituents by living organisms. 

Bioremediation: A process that uses living organisms to remove contaminants, pollut- 
ants or unwanted substances from soil or water. 

Bioreactor: A vessel in which cell or cell materials or enzymes are used under con- 
trolled conditions to carry out specific biological reactions. 

Broad-host-range-plasmid: A plasmid that can replicate in a number of different species. 

Cancer:Uncontrolled growth of the cells of tissue or organ in a multi-cellular system. 

Capsid: External protein coat or shell of a virus particle that surrounds the core (RNA 
or DNA) of the virus. The capsid determines the shape of the virus. 
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Cell line: A cell lineage that can be maintained in culture. 

Cell-mediated immunity: The activation of T cells of the immune response to the 
presence of foreign antigen. 

Chimera: Usually a plant or animal that has a population of cells with different geno- 
types. Sometimes it refers to recombinant DNA molecules that contain sequences 
from different organisms. 

cDNA: A double stranded DNA complement of messenger RNA sequences synthe- 
sized in vitro by reverse transcriptase and DNA polymerase. 

Chloroplasts: Organelles within plant cells where photosynthesis occurs; they contain 
small circular DNA molecules that replicate independently. 

Chromosome: A physically distinct unit of the genome. 

Chromosome walking: A technique that allows the sequential isolation of clones car- 
rying overlapping sequences of DNA, thus allowing large regions of the chromo- 
some to be mapped and sequenced. 

Clone: A population of cells or organisms that are genetically identical due to asexual 
processes, nuclear transplantation or by insertion of DNA molecules that harbor the 
same sequence as the parent. 

Cloning: Incorporating a DNA molecule into a chromosome site or cloning vector. 

Cloning vector: Agent that carries the new genes into a host cell where it produces 
numerous identical copies of itself and the genes it carries. Also called a cloning 
vehicle, vector or vehicle. 

Codon: A set of three nucleotides in sequence in messenger RNA that code for a 
specific amino acid or a termination signal. 

Competence: The ability of an organism to take up DNA molecules, typically plasmids. 

Cofactor: An essential component (usually a low molecular weight compound) that is 
necessary in an enzymatically catalyzed reaction. 

Conjugation: Unidirectional transfer of DNA from one cell to another through cell- 
to-cell contact. 

Constitutive synthesis: Continuous synthesis of RNA or protein by a cell. 

Copy number Number of molecules (copies) of an individual plasmid or plastid that 
is usually present in a single cell. Copy number values range from 1 to 50 or more. 

Co-segregation: When two genetic conditions appear to be inherited together. 

Cosmid: A cloning vector that is a hybrid between a phage DNA molecule and a bac- 
terial plasmid. The cos sites of a X-DNA are inserted into a plasmid to form a mol- 
ecule that can be packaged into the X-phage head through the presence of the cos 
sites. 

Cross: In genetic experiments also called mating of two individuals. 

Cryptic plasmid: A plasmid with undetermined functions. 

Culture: A population of cell or microbes that are cultivated under controlled conditions. 

Cytokinin: A plant hormone that accelerates cell division. 

Diploid: A cell that has a set of all pairs of chromosomes. 

DNA: The molecule that carries the genetic blue print and information found in most 
cells, except a few viruses where the hereditary material is RNA (ribonucleic acid). 
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The information coded on the DNA determines the structure and function of the 
organism. 

DNA probe: A segment of DNA that is labeled (tagged) so that after DNA hybridiza- 
tion, base pairing between the probe and complementary base pair in a DNA se- 
quence can be detected. 

DNA Recombination: A laboratory method in which DNA segments from different 
sources are combined into a single unit and manipulated to create a new sequence of 
DNA. 

Double cross over: Two simultaneous reciprocal breakage and reunion events between 
two DNA molecules. 

Duplex DNA: Double-stranded DNA. 

Effector cell: Cells of the immune system that play a part in degrading antigens. 

Electroporation: Use of electrical treatment on a cell to induce transient pores through 
which DNA is taken into the cell. 

Encode: To specify, later decoding by transcription and translation, the sequence of 
amino acids in a protein. 

Endotoxin: Cell wall component of Gram-negative bacteria that elicits an immune 
response and fever in humans. 

An Episome: A DNA molecule that may exist either as an integrated part of chromo- 
somal DNA molecule of the host or as an independently replicating DNA molecule 
(plasmid) free of host chromosome. 

Epitope:A specific region on the antigen that is recognized by an antibody. 

Exotic species: A species that does not originate from the place where it is found; a 
nonnative-evolved or introduced species. 

Expression vector: A cloning vector that has been constructed in such a fashion that 
after insertion of the DNA molecule, its coding sequence is properly transcribed, 
and the RNA is efficiently translated. 

Fermentation: A metabolic process where by microbes gain energy from the break- 
down and assimilation of organic and inorganic nutrients. 

Fed batch process: Growth of cells or microbes in a bioreactor to which nutrients are 
added periodically to get optimum biological response. 

Fusion protein: Two or more coding sequences from different genes that have been 
cloned together and which after translation act as a single polypeptide sequence. 
Also known as a hybrid protein. 

Gamete: A reproductive cell having a haploid set of chromosomes that is capable of 
fusing with a similar cell of the opposite sex to yield a zygote — also called a sex cell. 

Genes: Physical units of heredity. Structural genes, which make up the majority, con- 
sist of DNA segments that determine the sequence of amino acids in specific 
polypeptides. Other kinds of genes exist. Regulatory genes code for synthesis of 
proteins that control expression of the structural genes, turning them off and on 
according to circumstances within the microbe. 

Gene cloning: Procedure employed whereby specific segments of DNA (genes) are 
isolated and replicated in another organism. 
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Gene pool: The total sum of genes in a breeding population. 

Genetic code: The linear sequence of the DNA bases (adenine, thymine, guanine and 
cytosine) that ultimately determine the sequence of amino acids in proteins. The 
genetic code is first “transcribed” into complementary base sequences in the mes- 
senger RNA molecule which in turn is “translated” by the ribosomes during protein 
biosynthesis. 

Genetic map: The Lenora array of genes on a chromosome based on recombination 
frequencies. Also called a linkage map. 

Genetic recombination: When two different DNA molecules are paired, those re- 
gions having homologous nucleotide sequences can exchange genetic information 
by a process of natural cross-over to generate a new DNA molecule with a new 
nucleotide sequence. 

Germ line cells :The most primitive or earliest stage of development; referring to tis- 
sues or cell lineage producing gametes. 

GRAS: An acronym for “generally regarded as safe.” In the United States, this desig- 
nation is given to modified foods or drugs that have been used for a considerable 
period of time and have a history of not causing illness to humans through extensive 
toxicity testing. More recently certain host organisms for recombinant DNA experi- 
mentation have been given this status. 

Glycosylation: Covalent attachment of sugar or sugar-related molecule to proteins or 
polynucleotides. 

Host: A cell that maintains a cloning vector. 

Hybridoma: The product of fusion of myeloma cells with an antibody producing lym- 
phocyte. This cell combination (hybridoma) can continue to divide in cell culture 
and secrete a single type of antibody. 

Insecticide: Living organism or chemical that kills insects. 

Infectious agent: A living cell, virus, organism or parasite that proliferates in plants or 
animals and causes diseases. 

Immune response: A process that includes the synthesis of an antibody in response to 
the presence of a foreign antigen. 

Integration: Insertion of DNA molecule into a chromosomal site. 

Intron: A DNA sequence, found within the coding region of most eukaryotic genes, 
that interrupts the code for the gene product. The full gene sequence is initially 
transcribed into heterogeneous nuclear RNA and then the intron sequences are re- 
moved by cutting and splicing to give the final mRNA molecule which is then 
translated at the ribosome to give the protein product. 

Interspecific protoplast fusion: Method for recombining genetic information from 
closely related but non-mating cultures by removing the walls from the cells. 

In vivo gene therapy: The delivery of gene(s) to a tissue or organ of an individual to 
alleviate a genetic disorder. 

Locus: A site on the chromosome where a specific gene is located. 

Mendelian: Refers to a trait that shows a simple dominant/recessive pattern of inheritance. 
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Metabolic engineering: A scientific discipline that integrates the principles of bio- 
chemistry, chemical engineering and physiology to enhance the activity of a particu- 
lar metabolic pathway. 

Microinjection: A process of introducing DNA or other compounds into a single cell 
with a fine microscopic needle. 

Monoclonal antibody: A single type of antibody that is directed against a specific 
epitope (antigenic determinant) and is produced by a hybridoma cell. 

Mutation: Genetic lesion or aberration in a DNA sequence that results in permanent 
inheritable changes in the organism. The strains that acquire these alterations are 
called mutant strains. 

Mutant: A living cell that differs from the parent because it carries one or more ge- 
netic changes in its DNA (e.g., variant). 

Native protein: The naturally occurring form of a protein. 

Operon: A cluster of genes that are coordinately regulated. 

Phenotype: The observable characteristic of an organism produced by the interaction 
of the genes and the environment. 

Plasmid: An autonomous DNA molecule capable of replicating itself independently 
from the rest of the genetic information. 

Polymerase chain reaction: A technique for amplifying a specific segment of DNA 
using a mixture of thermostable DNA polymerase enzyme, deoxyribonucleotides, 
and a primer sequence. The reaction is carried out in multiple cycles that involve 
assembly and synthesis of specific sequences of DNA to produce millions of copies 
of the desired DNA strands. Also called PCR. 

Primer: A short oligonucleotide that hybridizes with a template strand. A primer pro- 
vides a 3'-hydoxyl end for the initiation of nucleic acid synthesis. 

Primary metabolites: Simple molecules and precursor compounds such as amino ac- 
ids and organic acids that are involved in pathways that are essential for life pro- 
cesses and the reproduction of cells. 

Promoter: A segment of DNA to which RNA polymerase attaches. It usually lies 
upstream of (5') a gene. The promoter sequence aligns the RNA polymerase so that 
transcription will initiate at specific site. 

Protoplast: A bacterium, yeast or plant cell that has had its cell wall stripped either 
enzymatically or chemically. 

Recombinant: An individual who has genes on a chromosome that results from one of 
more cross over events. 

Recombinant DNA: Assembly of hybrid DNA molecules in vitro which are derived 
from different sources. 

Replicon: A genetic material having the sequences that specify the initiation and con- 
trol of the process by which DNA is precisely duplicated. 

Ribosome: The subcellular structure that contains both RNA and protein molecules. It 
mediates the translation of mRNA into protein. Ribosomes contain both large and 
small subunits. 
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Scale up: The transfer of a process such as fermentation from a small scale (flask) to a 
large scale (stirred tank). 

Secondary metabolites : Complex molecules derived from primary metabolites and 
assembled in a coordinated fashion. Secondary metabolites are usually not essential 
for an organism’s growth. 

Selection: A system for either isolating or identifying a specific organism in a mixed 
population. 

Selective pressures: The influence of environmental factors on the ability of the or- 
ganism to compete with surrounding organisms for reproductive success. 

Somatic cells: Any cell of a multi-cellular organism, except the gametes and the cells 
from which they develop. 

Stem cells: A precursor cell that undergoes division and gives rise to a different lin- 
eage of differentiated cells. 

Subcloning: Splicing part of cloned DNA molecule into different cloning vectors 

Strain: A microorganism or multicellular organism that is a genetic variant of a stan- 
dard parent stock. 

Subspecies: Population of cells sharing certain characteristics that are present in other 
populations of the same species. 

Syndrome: Occurrence of some features that collectively makes up the symptoms of 
a specific disorder or disease. 

Transcript: An RNA molecule that has been synthesized from a specific DNA template. 

Transcription: The process whereby a molecule of RNA is synthesized by RNA poly- 
merase using a DNA strand as a template. 

Transduction: Transfer of DNA from one cell to another by means of virus or bacte- 
riophage. 

Transfection: The transfer of DNA to a eukaryotic cell. 

Transformation: Introduction of DNA and its integration form one organism into an- 
other via uptake of naked DNA. 

Transgene: A gene from one source that is incorporated into the genome of another 
organism. 

Transgenesis: The introduction of gene(s) into animal or plant cells that leads to the 
transmission of the input gene (transgene) to successive generations. 

Transgenetic animal: A fertile animal that carries introduced genes in its germ line. 

Transgenic plants: A fertile plant that carries introduced genes in its germ line. 

Transposon: A genetic segment that can be randomly inserted into the chromosome, 
exit the site and relocate at another chromosomal site. 

Variant: An organism that is genetically different from the original wild type organ- 
ism. Also called a mutant. 

Vector: A DNA molecule employed to introduce foreign DNA into the host. 

Vertical transfers: The passage of DNA material from one organism to another 
through the germ line (e.g., sexual mechanisms or in bacteria by replication and cell 
division). 

Virus: Typically a smaller particle than bacteria. It contains DNA but is unable to 
reproduce outside the host cell. 
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adoption of in agriculture, 53 
consumer acceptance of, 219, 291 
developing, 219, 221 
drought tolerance in, 274-277, 
278-280 
traits of, 220 
Cross defined, 352 
crylAb protein, production of, 69 
cry 1 Ac, isolation of, 70 
cry genes 

conjugal transfer of, 59 
expression, multiple, 60 
Cryopreservation 
cell banks, 159-160 
methods, 159 

Cryptic plasmid defined, 352 



Culture passage technique, 150-151 
Cyclodextrin and NSO, 147 
cytA endotoxin, production of, 72 
Cytokinin defined, 352 

D 

dapA gene and increased copy number 
in recombinants, 34 
ddml and DNA methylation, 249 
Dealing Involving Intentional Release 
(DIR), 327, 328 
Decision trees 

food GMO classification and, 99 
and risk analysis, 321, 322 
Deoxyribonucleic acid (DNA) 
annealing defined, 351 
defined, 352-353 

DNA interactions and gene silencing, 
254 

DNA probe defined, 353 
junk, expression of, 243 
markers and trait introgression, 232 
methylation {See also Methylation) 
ddml and, 249 
and gene silencing, 247-249 
moml gene and, 249, 251 
and mutagenesis, 247, 249-250, 
251 

in plants, 230, 231 
posttranscriptional gene silencing 
(PTGS), 247 

Southern blot analysis, 230, 231 
transcriptional gene silencing 
(TGS), 247, 255 

methyltransferases and eukaryotes, 
248 

molecular and GMM tracking, 95 
and protein contamination, 72-75 
recombinant 

bacterial products, 8 
defined, 355 
Escherichia coli, 5 
fungal products, 8 
production of, 6 
research, 3 

recombination defined, 353 
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RNA interactions and gene silencing, 
254 

RNA polymerase, inhibition of, 58 
shuffling and protein products, 35-36 
synthetic sequences, transferring, 220 
Dhfr. See Dihydrofolate reductase 
(Dhfr) marker 

Diamond vs. Chackrabartty, 21, 114 
Diarrheal enterotoxins and Bt, 65 
Dihydrofolate reductase (Dhfr) marker, 
140, 141-142, 148 
Diploid defined, 352 
Diseases 

controlling, 215 
resistance to, 214 
Distributive justice and animal 
biotechnology, 198 

DNA. See Deoxyribonucleic acid (DNA) 
Dolly, 191 

Do Nothing Principle, 116 
Double cross-over defined, 353 
DRMl & 2 and de novo 
methyltransferase, 250 
Drought tolerance in GM crops, 
274-277, 278-280 
dsRNA 

forming, 256 
HC-Pro and, 252 
and PTGS, 246-247 
and RNA dependent gene silencing, 248 
Duplex DNA defined, 353 

E 

Ecology 

GM food plants, risk of, 307 
microbial and GMM impact, 94—95 
Effector cell defined, 353 
Electroporation 

aquatic transgenics, deriving, 211 
defined, 353 

and gene transfer in microorganisms, 
31, 149 

ELISA. See Enzyme linked 

immunosorbent assay (ELISA) 
Encode defined, 353 
Endotoxins. See also P-endotoxins 



Bacillus thuringiensis (Bt) 
preparations, 63-64 
cytA, production of, 72 
defined, 353 
deriving, 212-213 
fragments, 73-74 
Environment 

GMMs, impact on, 91-96, 107 
GM plant foods, effects of, 307-309 
Environmentalism and food labeling, 1 1 1 
Environmental Protection Agency 
(EPA) 

and food safety regulations, 99, 100 
gene probe concept, 20 
GMOs, approval of, 16 
Enzyme linked immunosorbent assay 
(ELISA) 

and event analysis, 223, 229 
gene silencing analysis, 230 
Enzymes 

applications, industrial, 40-41 
improvement of, 35 
modification of, 5 
and site-directed mutagenesis, 35 
EPA. See Environmental Protection 
Agency (EPA) 

Episomally based systems, 149 
Epitope defined, 302-303, 353 
Erwinia spp. and frost injury, 43 
Escherichia coli 

bacterial endotoxin in, 73 
bST production and, 39-40 
DNA, recombining and, 5 
field release, small scale, 106 
and genetic regulation, 5 
gene transfer in, 29, 3 1 
inclusion bodies, formation of, 35 
and interferon production, 39 
pat protein, purification of, 7 1 
toxin genes in, 32 
Ethics 

GMM use and, 109, 1 10, 1 12-1 14 
philosophical, 184, 189 
and transgenic animal use, 183-184, 
186-190, 198-199 
Eukaryotes 
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cell culture of, 158 
cells, 134, 135 

and DNA methyltransferases, 248 
European Union (EU) 

food safety, regulating, 97, 99, 102, 108 
and GM plant regulation, 332-334 
precautionary principle of risk 
analysis, 87-88, 332 
and risk analysis, 86 
Events 

analysis, 223-229, 230, 232-234 
defined, 222 
transgenic, 243 
Exotic species defined, 353 
Exotoxins and RNA polymerase 
inhibition, 64 

Expression vector defined, 353 
F 

Familiarity, concept of, 109 
FDA. See Food and Drug 
Administration (FDA) 

Fed batch culture described, 164, 176 
Fed batch process defined, 353 
Federal Insecticide, Fungicide, and 
Rodenticide Act, 57 
Feed traits and GM crop development, 
283 

Fermentation defined, 353 
Fermentation of GMMs, large scale, 
104-105 

Fermentation runs and Bt, 62, 64-65 
Fembach culture, 158, 173 
Fertilizers, 14, 277, 281 
Fish products, harvest of, 208 
Food 

allergens {See also Allergenicity) 
alteration of by GM, 304 
defined, 301-302 
physiochemical characteristics of, 
302-304 

removal/ reduction by GM, 305-306 
composition data, obtaining, 318-319 
demand for, 264 
genetically modified (GM) 
classifying, 99 



environmental impacts of, 307-309 
labeling of, 329, 338 
nutritional value of, 306-307 
regulation of {See individual 

country or agency by name) 
risk analysis, 307, 315 
viruses, 195 

production, expenditures for, 264 
safety issues, 97-99, 194-195 
Food and Drug Administration (FDA) 
and food safety regulations, 99, 
102, 337, 338 

Food Standards Australia New Zealand 
(FSANZ), 327 

Fumonisins, production of, 301 
Fungi 

recombinant DNA products, 8 
suicidal, 106 

Fusion protein defined, 353 

FWA gene and de novo methylation, 250 

G 

Gain of function transgene defined, 208 
Gamete defined, 353 
Gene bank, commercialization of, 14-15 
Gene cloning defined, 353 
Gene expression systems and high copy 
number vectors, 34, 35 
Gene pool defined, 354 
Gene probe concept and the EPA, 20 
Genes 

defined, 353 

function, disruption of, 33-34 
migration, mechanisms for, 188 
new, risk assessment of, 319-320 
overexpression in, 34-35 
regulatory, types of, 36-37 
reporter, function of, 208 
Gene silencing. See also 

Posttranscriptional gene silencing 
(PTGS); Transcriptional gene 
silencing (TGS) 

CMV-2b and, 252-253 
DNA interactions and, 254 
and DNA methylation, 247-249, 255 
ELISA analysis, 230 
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METl and, 248, 249 
mutagenesis and, 253-254 
in plants, 243-246 
PTGS vs. TGS, 244, 247 
PVX p25 and, 252-253 
rgs-CaM and, 252 
RNA dependent, 248, 254, 255 
Schizosaccharomyces pombe, 251 
suppressors of, 25 1-252 
Gene therapy 

bioethics of GMMs in, 110 
and unknown pathogenicity, 90-91 
Genetically modified microorganisms 
(GMMs) 

applications, 29, 38-45, 347 
defined, 85 

ecology, microbial and, 94-95 
environment, impact on, 91-96, 107 
environmental releases 
ethics of, 1 12-1 14 
GMM mutations and, 92 
risk analysis, 91-96 
small scale, 105 
tracking, 95 

ethical issues, 106-108, 110, 117 
fermentation of, 104-105 
food labeling and, 1 1 1-1 12, 329, 338 
food safety issues, 97-99 
government philosophies, 108-1 1 1 
and microbial flora of the human gut, 
98 

pathogen risk factors, 90-91 
and pest control, 94, 116 
plastics, biodegradable, 42-43 
public concerns, 108-111 
regulating, 99-102, 108, 109, 336-339 
risk analysis 

clarification system, 93 
factors, identifying, 87 
history of, 85-86 
to humans, 88-91 
safety issues, 88-91, 102-103 
soils, improving, 44-45 
stability of, 96 

suicide, development of, 105-106 
survival of, 95-96, 113 



Genetically modified organisms 
(GMOs) 

and animal health, 14 
applications, 7, 9-13, 15-17, 348-349 
and bioremediation, 13-14, 116 
biosafety and quality control, 20-2 1 
biotechnology and, 4, 7, 347 
cell types, advantages/ disadvantages, 
11 

and DNA research, 3-4 
economic challenges, 22 
EPA approval of, 16 
food, classifying, 99 
gene insertion into, 18 
gene transfer, monitoring, 19-20 
history of, 4-6 
hosts for, 18 

and intellectual property law, 21, 107 
introduction of, 7, 17, 19 
legal issues, 21-22 
motivations behind, 6-7 
recipients, non-target, 19 
selection pressure, 19 
survival of, 19 
tracking 

antibiotic resistance strategy, 20, 

95 

antibody probe analysis, 20 
Genetic code defined, 354 
Genetic engineering. See Biotechnology 
Genetic recombination defined, 354 
Gene transfer 

and Bacillus thuringiensis (Bt), 21 
in bacteria, 19, 96 
chromosomes and, 96 
conjugation in microorganisms, 31, 59 
Corynebacterium spp., 30, 31 
electroporation in microorganisms, 

31, 149 

in Escherichia coli, 29, 31 
in GMOs, monitoring, 19-20 
horizontal 
defined, 310 

general discussion, 17-18, 19, 96-97 
preventing, 32, 96 
lactic acid bacteria, 30 
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methods described, 29-3 1 
Pseudomonas fluorescens and, 21 
Pseudomonas spp., 30 
Streptomyces spp., 30, 31 
vectors, retroviral and transgene 
transfer, 211 

Gene vectors and protein production, 
169-170 

Germ line cells defined, 354 
GH. See Aquatic growth hormone (GH) 
Glossary, 351-356 
Glutamine sulfate (GS) marker 
described, 140, 141 

Glutamine supplementation and NSO, 146 
Glycoproteins, recombinant, structural 
analysis of, 171-172 
Glycosylation 
defined, 354 
and food allergens, 303 
in insects, 170-171 
mammals, 171 
nonenzymatic, 74 
in prokaryotes, 74-75 
SfSWT cell line, 172 
Sf9 transgenic cell line and, 170-171, 
172 

GMMs. See Genetically modified 
microorganisms (GMMS) 

GMOs. See Genetically modified 
organisms (GMOs) 

Good industrial large-scale practice 
principles, 104-105 

Governmental regulation defined, 185-186 
gpt marker described, 140 
GRAS defined, 354 

H 

Harm, demonstrating, 107 
Hazards. See also Risk analysis 
catastrophic defined, 189 
identification of, 97, 187, 320 
transgenic animals, consumption of, 
194-195 

HCPro. See Helper Component 
Proteinase (HC-Pro) 



Helper Component Proteinase (HC-Pro) 
and gene silencing, 251-252 
Hepatitis B vaccine, production of, 39 
Herbicide tolerance, 53-54, 308 
Hgprt marker described, 140 
hisD marker described, 140 
hok system in field release, 106 
Horizontal gene transfer. See Gene 
transfer, horizontal 
Host defined, 354 

Hosts, recombinant and carbohydrate 
production, 74-75 
hpt marker described, 140 
Human cultural identity and 
biotechnology, 198-199 
Human growth hormone, production of, 39 
Humans and GMM risk, 88-91 
Hybridoma 
defined, 354 
and NSO, 145 

I 

IFNs. See Interferons (IFNs) 

Immune response defined, 354 
Immunoblotting techniques and GMM 
tracking, 95 

Impdh marker described, 140 
Inclusion bodies, formation of, 35 
Infections, laboratory acquired, 91 
Infectious agent defined, 354 
Input traits and transgenic crop 
development, 273-281 
Insecticides 
Bt, 58-60 
defined, 354 
proteins, isolating, 57 
Insect resistance management (IRM) 
programs, 68, 311, 312 
Insects 

baculovirus techniques, 174—175 
Bt plants, resistance to, 311-312 
cell culture, 172-174 
cell lines, 170-175 
glycosylation in, 170-171 
GMO cell types, advantages/ 
disadvantages, 11 
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intragenetic horizontal transfers, 17-18 
pests, control of, 43-44, 54, 307 
recombinant DNA products, 8 
systems, overview, 167-168 
Insulin, production of, 38, 39 
Integration defined, 354 
Intellectual property law and GMOs, 21, 
107 

Interferons (IFNs), production of, 38, 39 
International Network of Food Data 
Systems (INFOODS) and food 
biotechnology regulation, 318 
Interspecific protoplast fusion defined, 354 
Intron defined, 354 
Invader and event analysis, 223, 228 
Invasive cleavage assay, 227-229 
In vitro baculovirology, 168-169 
In vitro expression systems, 133, 134 
In vivo gene therapy defined, 354 
IRM. See Insect resistance management 
(IRM) 

Iron transport and NSO, 146 

J 

Japan 

containment facilities, guidelines for, 
103-104 

GM foods, regulating, 334—335 
GMMs, regulating, 109 

K 

Killing methods, alternative, 106 
Kluyveromcyces lactis and food 
ingredient production, 41 

L 

lac promoter and target gene expression, 
32 

Lactic acid bacteria 

food safety analysis and, 98 
gene transfer methods in, 30 
and selectable marker genes, 33 
Lactococcus lactis and GMM release 
studies, 93 

Light and PTGS, 245 
Limulus amebocyte lysate assay and 
LPS content, determining, 73 



Linkage drag defined, 232 
Lipids and NSO, 146-147 
Lipopolysaccharides, bacterial and 
protein contamination, 73 
Liquid media, advantage of, 153 
Living responsibly, ethics of, 1 84 
Locus defined, 354 

Loss of function transgene defined, 209 

M 

Mammals 

cells, transfection efficiency of, 33 
glycosylation, 171 
GMO cell types, advantages/ 
disadvantages, 11 
promoters, 138-142 
recombinant DNA products, 8 
systems 

markers, common, 140 
overview, 137-138, 142-143 
selection, 138-142 
vectors, 138-142 
Marine invertebrates, 212-213 
Marker-assisted selection (MAS) 

AFLP and, 233-234 
RFLP and, 233 
SNP marker system and, 235 
and trait introgression, 231-232 
Marker genes 

antibiotic resistance, 33, 310, 319 
described, 140 

nutritional and GMO tracking, 20 
selectable, 33, 70-71, 138, 310 
Master cell bank (MCB), establishing, 
159-160 
Media 

culture, 151, 152-158 
formats, available, 153 
selection, 154 
supplementation of, 154 
Medicago sativa and root nodulation, 
improving, 44 
Mendelian defined, 354 
Metabolic engineering defined, 355 
Metabolism, central, perturbing, 37 
METl and gene silencing, 248, 249 
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Methionine sulfoximine (MSX) and GS 
inhibition, 141 
Methotrexate 
CHO and, 148 

and Dhfr inhibition, 141, 148 
Methylation. See also Deoxyribonucleic 
acid (DNA), methylation 
cytosines, 230, 255 
de novo, 250-251, 254 
epigenetic inheritance in, 256 
inducing, 256 
of promoters, 247 
Methylation, DNA. See 

Deoxyribonucleic acid (DNA), 
methylation 

Microbial GMOs. See Genetically 

modified microorganisms (GMMs) 
Microinjections 

and biotechnology, 209-210 
defined, 355 
Microorganisms 

biocontrol agents, 60 
genetic engineering of, 29, 33-38 
gene transfer methods in, 29-3 1 
recombinant strains, selection of, 34 
Micropropagation and clones, 
developing, 13 

Ministry of Agriculture (MOA), China, 
330, 331 

moml gene and DNA methylation, 249, 
251 

Monoclonal antibodies (MAb) 
defined, 355 

production of, 143, 149, 165-167 
Monsanto and bovine growth hormone, 

9 

Morpheus molecule. See moml gene 
Mres marker described, 140 
mRNA, 247, 248 

MSX. See Methionine sulfoximine 
(MSX) and GS inhibition 
Mt-1 marker described, 140 
Mutagenesis 

and DNA methylation, 247, 249-250, 
251 

gene silencing and, 253-254 



GMM mutations and environmental 
impact, 92 
and GMOs, 5 
high yields and, 41 
plant toxicant level, altering, 300 
Pseudomonas syringae, 43 
site-directed, 35-36 
Mutation defined, 355 
Myeloma and NSO, 145 

N 

Naphthalene, degradation of, 45 
National Institutes of Health (NIH) and food 
safety regulations, 100, 101, 103-104 
Native protein defined, 355 
neo marker described, 140 
NIH. See National Institutes of Health 
(NIH) 

nptll gene and agricultural 
biotechnology, 70-71 

NSO 

apoptosis in, 144, 146 
bovine serum albumin (BSA) and, 147 
clonal derivatives, 144-145 
clones and fed batch culture, 164 
culture production systems, 143-147 
cyclodextrin and, 147 
demands, specific, 145-147 
and glutamine supplementation, 155 
glutamine supplementation and, 146 
hybridoma and, 145 
and iron transport, 146 
lipids and, 146-147 
and myeloma, 145 
overview, 142-143 
shake culture technique, 150 
shear force sensitivity and, 144 
and shear protectants, 146 
5' Nuclease assay, 227 
Nutraceuticals, enhancing, 282-283 
Nutrients and optimization, 162, 164 
Nutrition 

GM foods, nutritional value of, 306-307 
markers and GMO tracking, 20 
nutrient level, altering, 306 
soil, 92-93 
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O 

Ode marker described, 140 
OECD. See Organization for Economic 
Cooperation and Development 
(OECD) 

Office of Gene Technology Regulator 
(OGTR), 327 

Old biotechnology defined, 4-5 
Operon defined, 355 
Organization for Economic Cooperation 
and Development (OECD) 
concept of familiarity, 109 
and risk analysis, 86, 104, 105, 316 
Output traits, development of, 281-283, 
284-287, 298 

Oxygen supply and insect cell culture, 173 

P 

pac marker described, 140 
pl9 and gene silencing, 252-253 
Patent law and GMOs, 21, 107-108, 
114-115 

Pathogenesis-related (PR) proteins, 305-306 
Pathogenicity, unknown, risk analysis, 
90-91 

Pathogens, economic losses caused by, 
289-290 

Pathways, competing, removing, 37-38 
pCI vector, characteristics of, 139 
pCL neo vector, features of, 141 
Pectin, degradation of, 42 
Pectinases, production of, 41-42 
Pepsin resistance and allergenicity, 
323-324 

Perfusion culture described, 164-165 
Pest control. See also Biopesticides; 
Pesticides 

Bacillus thuringiensis (Bt), 43-44, 

54, 307 

biological, 43-44, 55-56 

Clavibacter xyli, 93 

and GMMs, 94, 116 

GM plants and, 67-68, 308, 311-312 

and viruses, 116 

Pesticides. See also Biopesticides; Pest 
control 



microbial, 55, 61 
PIPs and, 67-68, 308 
plants, rules regulating, 54 
synthetic, 58 

Pest protection products and GM crop 
development, 273-274 
Pharmaceutical products made from 
transgenics, 136 
Pharmaceuticals and GMOs, 9 
PHAs. See Polyhydroxyalkanoates 
(PHAs) 

Phenotype defined, 355 
phoA promoter, induction of, 32 
Phytoalexins defined, 300 
Pichia pastoris and recombinant human 
serum albumin, 75 

PIPs. See Plant-incorporated protectants 
(PIPs) 

Plant-incorporated protectants (PIPs) 
defined, 54 
overview, 55 

pesticides and, 67-68, 308 
and pest management, 67-68, 308 
protein expression levels in, 66 
regulation of by APHIS, 337 
scale-up metaphor, 65-66 
test materials for, 65-66 
Plants. See also Plant-incorporated 
protectants (PIPs) 
antibody probe analysis and GMO 
tracking, 20 

disease, biological control of, 44 
as factories for toxicology studies, 76 
frost injury, biological control of, 43 
fungal mycotoxins, reducing, 300-301 
gene silencing 
overview, 243 
transmission of, 246 
genetically modified (GM) 

antibiotic resistance marker genes, 
310 

applications, 347-348 
defined, 23, 297-298 
environmental benefits of, 312-313 
foods, environmental impact of, 
307-309 
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pest control and, 67-68, 308, 311- 
312 

regulating, 54, 324-331, 337 
weight of evidence approach to 
assessing ecological impact 
of, 307 

genetic modification of, 299-300 
growth/ development and PTGS, 
245-246 

intragenetic horizontal transfers, 17- 
18 

methylation, DNA, 230, 23 1 
products, US sales of, 288 
protein toxins, production of, 299, 
300-301 

silencing repressors, using, 252-253 
test substances required, guidelines, 
67-68 

toxicity, altering, 299-300 
toxicology assessment in, 66-67 
transgenic 

advantages/ disadvantages, 12, 13 
recombinant DNA products, 8 
transgenic defined, 356 
Plant transcription unit (PTU), analysis 
of, 225, 227 

Plant with Novel Traits (PNT) defined, 
329 

Plaque purification in baculovirus 
culture, 174 
Plasmids 

broad host-range, 351 
cryptic, 352 
defined, 355 

segregational instability of, 34, 35 
stability, maintaining, 34 
transfer, preventing, 44, 96 
transient expression methods, 149 
vectors, 139 

Plastics, biodegradable and GMMs, 42- 
43 

Pleiotropic effect defined, 300 
Point mutations, assaying, 234-236 
Polyhedrin protein defined, 168 
Polyhydroxyalkanoates (PHAs), 
production of, 42^3 



Polymerase chain reaction (PCR) 
defined, 355 

Posttranscriptional gene silencing 
(PTGS) 

defined, 243, 245 
DNA methylation and, 247 
dsRNA and, 246-247 
and gene mutation, 253 
gene silencing 

PTGS vs. TGS, 244, 247 
RNA dependent, 248 
inducing, 255 
mechanism of, 246-247 
METl and, 249 

in plant growth/ development, 245-246 
siRNA and, 246-247, 253 
viruses, protection against, 256 
vs. TGS, 244, 247 

Powder media, disadvantages of, 153 
Precautionary principle of risk analysis, 
87-88, 332 

Primary metabolites defined, 355 
Primer defined, 355 
Principle of Welfare Conservation, 193 
Processor traits and GM crop 
development, 283 
Product secretion kinetics and cell 
culture, 162 

Product transport, enhancing, 38 
Prokaryotes 

and DNA methyltransferases, 248 
glycosylation in, 74-75 
Promoters 

defined, 32, 355 
induction of, 32 
mammals, 138-142 
methylation of, 247 
silencing, 247, 255 
and target gene expression, 32 
viruses, 139 

Protein free media described, 153 
Proteins 

analysis, 229 
Bt toxin derived, 68-70 
contaminants, 72-75 
insecticidal, isolating, 57 
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new and toxicity assessments, 320- 
324 

production 
crylAb, 69 

general discussion, 134-135, 137, 
138, 160-167, 252 
plant toxins, 299, 300-301 
vectors and, 169-170 
properties, improving, 35-36 
recombinant 
AcMNPV, 168 
and animal health, 39-40 
BEV and, 167 
expression of, 147-149 
glycoproteins, structural analysis 
of, 171-172 
renaturation of, 35 
source of, 321 
therapeutic, producing, 76 
Protoplast defined, 355 
PR proteins. See Pathogenesis-related 
(PR) proteins 
Pseudomonas fluorescens 
bioremediation and, 45 
Bt insecticides and, 59-60 
and gene overexpression, 34 
and gene transfer, 21 
microbial ecology and, 94, 106 
Pseudomonas putida and microbial 
ecology, 94-95, 106 
Pseudomonas spp. 

bacterial endotoxin in, 73 
and frost injury, 43 
gene transfer methods in, 30 
Ice-, 87 

soil nutrition and, 92-93 
Pseudomonas syringae 
and GMM ethics, 112 
mutagenesis in, 43 

pTargeT Mammalian Expression Vector 
System described, 141 
PTGS. See Posttranscriptional gene 
silencing (PTGS) 

PTU. See Plant transcription unit (PTU) 
Public acceptance and GM crops, 219, 291 
PVX p25 and gene silencing, 252-253 



R 

Rabies, eradication of, 40 
RAC. See Recombinant DNA Advisory 
Committee (RAC) 

Rate-limiting steps, overcoming, 36 
rBST. See Bovine somatotrophin, 
recombinant (rBST) 

Recombinant 
DNA, 5, 8, 355 

hosts and carbohydrate production, 
74-75 

microorganism strains, selection of, 34 
products, production of, 138 
research guidelines, 16 
technologies and bioethics, 109 
virusesand environmental release, 
93-94 

yeasts, constructing, 33 
Recombinant DNA Advisory 
Committee (RAC), 86 
Regulations. See also individual country 
or agency by name 
feedback, eliminating, 36 
general discussion, 5, 54, 86 
global defined, 37 
institutional defined, 185 
international defined, 185 
relF system in field release, 106 
Replicon defined, 355 
Reproduction, improving, 15 
Reproduction issues and biotechnology, 
213-214 

Restriction enzyme fragment length 
polymorphism (RFLP) and event 
analysis, 223, 232-233 
RFLP. See Restriction enzyme fragment 
length polymorphism (RFLP) 
rgs-CaM and gene silencing, 252 
Ribosome defined, 355 
Risk analysis. See also Hazards 
allergenicity, 89-90, 98, 195 
antibiotic resistance strategy, 89, 97-98 
assessment formula, 88 
biosafety and, 87-88 
environmental impacts, 91-96, 187- 
190 
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genes, new, 319-320 
genetically modified (GM) foods, 93, 
307,315 
GMMs, 85-96 
history of, 85-86 
management defined, 188, 201 
pathogenicity, unknown, 90-91 
precautionary principle of, 87-88, 332 
public view of, 201 
structure of, 314 

substantial equivalence principle of, 
88,98, 194,315-319 
Risk assessment clarification system for 
GMMs, 93 

RNA. See also dsRNA; mRNA; siRNA 
analysis, 229 

antisense DNA-RNA defined, 351 
and gene silencing, 248, 254, 255 
polymerase inhibition, 58, 64 
viruses, propagation of, 246 
Rnr marker described, 140 
RT-PCR and event analysis, 223 

S 

Saccharomyces cervisiae and hepatitis 
B vaccine production, 39 
SAFEST. See Safety Assessment of 
Food by Equivalence and 
Similarity Targeting (SAFEST) 
Safety Assessment of Food by 
Equivalence and Similarity 
Targeting (SAFEST), 99 
Safety assessments. See also Risk 
analysis 

characterized, 314-315, 324-325 
National Institutes of Health (NIH) 
and food safety, 100, 101, 103-104 
test substances, 76 
Scale up defined, 356 
Scale-up metaphor for PIPs, 65-66 
Schizosaccharomyces pombe and gene 
silencing, 25 1 

sde mutants, classes of, 253, 254 
Secondary metabolites defined, 356 
Seeds 

black market and GM crop revenue, 289 



train defined, 160 
transgenics, 15, 222, 236 
Selectable markers 
categories of, 310 
and cloning vectors, 33 
endogenous markers, types of, 138 
systems, function of, 138 
and transformant identification, 70-71 
Selection defined, 356 
Selective pressures defined, 356 
Serratia entomophila and biocontrol, 60 
Serratia marcescens and DNA, 
recombining, 5 

Serum dependent media described, 

151, 153 

SFM 

adaptation to, 157-158 
formulations, 174 

SfSWT cell line and glycosylation, 172 
Sf9 transgenic cell line and 

glycosylation, 170-171, 172 
Shake culture technique, 150 
Shake flask culture in cell culture, 150, 
158, 173 

Shear force sensitivity and NSO, 144 
Shear protectants and NSO, 146 
Shuttle vectors and protein production, 
169-170 

Sinorhizobium meliloti and root 
nodulation in alfalfa, 44 
Sinorhizobium spp. and soil nutrition, 92 
siRNA 

detection of, 230 
and event analysis, 223, 230 
PTGS and, 246-247, 253 
and RNA dependent gene silencing, 248 
Site-directed mutagenesis, 35-36 
SNP marker system assay, 234-236 
Sodium butyrate and CHO, 156 
Soils, improving and GMMs, 44-45, 
92-93 

Somatic cells defined, 356 
Southern blot analysis 

DNA methylation analysis and, 230, 
231 

and event analysis, 223, 226, 227 




372 



Index 



Spinner culture in cell culture, 158-159, 
173 

35S promoter, suppressing, 255 
SSR marker system and event analysis, 
223, 234 

Statement of Utilitarian Ethics, 189 
Statistical analysis of cell cultures, 163 
Stem cells defined, 356 
Strain defined, 356 
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